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14  February  1990.  The  Nihka  was  launched  from  the  Wallops  Island  Launch  Facility  in  Virginia  to  coincide  with  a  LACE  pass. 

The  two  cameras  of  the  UVPI  were  used  to  observe  the  Nihka  in  the  ultraviolet.  These  cameras  were  a  tracker  camera,  viewing 
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observe  sources  through  any  of  four  filters.  A  three-stage  sounding  rocket  (called  Black  Brant  X)  was  used  for  the  test  The  third 
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EXECUTIVE  SUMMARY 


The  observation  of  the  Nihka  rocket  plume  was  the  first  demonstration  of  the  ability  of  the 
Ultraviolet  Plume  Instrument  (UVPI)  [1]  to  observe  missiles  in  flight  above  the  atmosphere.  The 
UVPI  is  n  v.r.r'),  plume-tracking  instrument  flown  on  the  Naval  Research  Laboratory’s  Low-power 
Atmospheric  Compensation  Experiment  (LACE)  satellite,  which  was  launched  on  14  February  1990, 
The  Nihka  rocket  was  launched  from  the  Wallops  Island  Launch  Facility  in  Virginia.  The  launch  time 
and  trajectory  were  selected  to  synchronize  the  flight  with  a  LACE  pass. 

Missile  tracking  in  the  ultraviolet  is  advantageous  because  of  extremely  low  Earth  and  solar 
backgrounds,  extremely  sensitive  photodetectors  that  do  not  require  cryogenic  cooling,  and  very  high 
optical  resolution,  which  is  possible  with  optics  of  relatively  modest  size. 

The  UVPI  system  aperture  is  only  10  cm  in  diameter.  However,  it  can  detect  and  image 
missile  plumes  at  a  500-km  range.  The  two  cameras  of  the  instrument  use  narrowband  filters,  image 
intensifiers,  and  charge-coupled  devices  (CCD)  to  observe  sources  in  the  ultraviolet  (UV).  The 
primary  function  of  the  tracker  camera,  viewing  over  a  relatively  wide  field  (1.97®  by  2.62°)  and 
broad  spectrum  (255  to  450  nm),  is  to  locate  and  track  a  source  for  higher  resolution  observation  by 
the  plume  camera.  The  plume  camera  has  a  narrow  field  of  view  (0.180®  by  0.135°)  and  observes 
sources  through  any  of  foui  filters  with  passbands  of  195  to  295  nm,  220  to  320  nm,  235  to  350  nm, 
and  300  to  320  nm.  The  wavelengths  shorter  than  310  nm  are  essentially  invisible  from  the  ground 
because  of  atmospheric  absorption.  The  limiting  resolution  of  the  tracker  camera  is  about  230  |irad, 
and  that  of  the  plume  camera  about  90  prad,  equivalent  at  500-km  range  to  115  m  and  45  m, 
respectively. 

A  three-stage  sounding  rocket  (called  Black  Brant  X)  was  used  for  the  test.  The  first  and 
second  stages  of  the  three-stage  rocket  fired  only  at  low  altitude  (below  40  km),  l  liey  w'crc  not 
expected  to  be  visible  in  the  ultraviolet  from  space.  The  third  stage,  or  Nihka,  which  used  an 
aluminized  solid-fuel  motor  reached  190-km  altitude  and  was  successfully  detected  and  tracked  by 
the  UVPI  froni  a  range  of  448  to  463  km. 

The  Nihka  plume  was  successfully  tracked  for  3,23  s,  and  96  '/30th-s  images  of  plume  data 
were  acquired  by  using  the  plume-camera  filter  in  the  220  to  320-nm  range,  termed  the  PC-1  filter 
band.  The  image  quality  and  tracking  accuracy  w'erc  of  sufficient  quality  to  permit  the  superposition 
of  images  for  plume  radiance  determination.  Image  superposition  lo  enhance  the  signal  level  is 
needed  for  accurate  radiometry  because  of  the  small  telescope  aperture. 

The  spectral  radiance  and  spectral  radiant  intensities  of  the  Nihka  plume  were  extracted  from 
these  images.  Absolute  values  were  obtained  from  an  assumed  spectral  shape,  namely,  one  derived 
from  a  physical  model  of  the  plume  as  a  nearly  transparent  stream  of  micron-sized  alumina  particles 
at  their  melting  points.  This  spectral  shape  serves  as  the  icferencc  model  spectrum.  The  UV  signal 
detected  by  using  the  PC-1  filter  appeared  to  show  an  excess  relative  to  that  expected  from  the 
reference  spectrum  normalized  to  the  broadband  tracker-camera  signal.  This  apparent  UV  excess 
relative  to  the  reference  spectrum  is  consistent  with  data  gathered  on  the  Strypi  flight  12),  which  also 
showed  an  apparent  excess  in  the  far  UV  relative  to  the  reference  spectrum.  The  Nihka  data  did  show 
an  identifiable  UV  bright  miter  region  of  the  plume  similar  to  the  UV  luminous  outer  region  seen  on 
the  Strypi  flight  [2).  As  in  the  case  of  the  Strypi  flight,  the  luminous  outer  region  appeared  to  be  the 
primary  source  of  the  excess  UV  emission. 


The  time  dependence  of  the  plume  central-region  radiant  intensity  measured  in  PC-1  in  the 
plume  camera  showed  no  pronounced  trends  or  variations  for  the  N’ihka  stage.  However,  the  outer- 
region  signal  showed  a  pronounced  upward  ramp  for  the  same  period. 

The  tracker  camera,  within  its  relatively  limited  re.solulion,  obtained  radiant  intensity  data  to 
4.‘i{)-nm  wavelength.  These  data,  with  the  plume-camera  data  in  the  220  to  .^20-nm  band,  support  the 
conclusions  that  the  UV  luminous  outer  region  of  the  Nihka  plume  became  more  radiant  with  time. 

Two  anomalous  events  were  observed  during  the  UVPI  Nihka  observation  period.  The  first 
event  was  a  bright  flash,  possibly  associated  with  a  second-stage  burnout  "chuffing"  event.  The  second 
was  a  bright  object  appearing  in  one  frame  of  the  plume  camera  near  the  end  of  the  Nihka  third-stage 
burn.  This  object  was  brighter  than  the  Nihka  plume  itself  and  somewhat  removed  from  its  flight 
path. 


This  base  of  UV  Nihka  radiometric  data  svill  be  a  foundation  for  furiher  analysis  to  provide 
refined  interpretations  and  evaluation.  Comparison  with  models  and  with  data  from  sensors  on  other 
platforms  and  with  d.ua  from  other  test  flights  will  also  yield  improved  ladiomeiric  results  and  an 
enhanced  phenomenological  understanding  of  UV  emission  by  solid  rocket  motors  in  the  upper 
atmosphere. 
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UVPl  IMAGING  FROM  THE  LACE  SATELLITE 
THE  NIKHA  ROCKET  PLUME 


10  INTRODUCTION 

1.1  Background 

The  Ultraviolet  Plume  Instrument  (UVPl)  carried  aboard  the  Low-power  Atmospheric 
Compensation  Experiment  (LACE)  satellite  launched  in  February  1990  was  designed  to  collect 
rocket  plume  imagery  in  the  ultraviolet  band.  A  Nihka  solid-fuel  rocket  motor,  which  was  the  third 
stage  of  a  Black  Brant  X  sounding  rocket,  was  selected  for  the  first  in  a  series  of  rocket-plume 
observation  tests.  The  overall  objective  of  the  observation  was  to  gather  data  at  moderate  altitude 
(around  100  km)  from  space  to  enhance  the  current  level  of  understanding  of  plume  physics  and 
chemistry  and  to  help  answer  questions  about  radiance,  spatial  extent,  and  tcrnporal  variability  of 
plumes.  More  specific  objectives  are  listed  in  Section  1.3,  which  describes  the  Nihka  mission  plan.  A 
Glossary  is  located  at  the  end  of  this  report. 

1.2  UVPl  Capability 


The  Ultraviolet  Plume  Instrument  (UVPl)  is  carried  aboard  the  Low-power  Atmospheric 
Compensation  Experiment  (LACE)  spacecraft.  The  UVPI’s  mission  is  to  collect  images  of  rocket 
plumes  in  the  ultraviolet  waveband  and  to  collect  background  image  data  on  Earth,  Earth’s  limb,  and 
celestial  objects.  Background  object  imagery  collected  with  the  UVPl  includes  the  day  and  night 
Earth  limb  air  glow,  aurora,  sunlit  and  moonlit  clouds,  solid  Earth  scenes  with  varying  solar 
illumination,  cities,  and  stars.  A  detailed  description  of  UVPl  can  be  found  in  the  UVPl  description 
and  data  methodology  report  [1]  and  in  the  Strypi  plume  report  (21. 

The  UVPl  sensor  head  assembly  13,4J  contains  two  coahgned  camera  systems  that  are  used  in 
concert  to  acquire  the  object  of  interest,  control  UVPl,  and  acquire  UVPl  images  and  radiometric 
data.  The  two  camera  systems  are  the  tracker  camera  and  the  plume  cameia,  which  are  discussed 
briefly  below.  The  two  cameras  share  a  fixed  10-cm  diameter  Cassegrain  telescope  that  uses  a 
gimbaled  plane  steering  mirror  to  view  a  field  of  regard  that  is  a  50°  half-angle  cone  around  the 
nadir.  In  addition,  UVPl  contains  a  second  plane  mirror  on  the  instalment  door.  The  mirror  can  be 
set  at  an  angle  of  approximately  45°  relative  to  the  nadir  and  used  in  conjunction  with  the  steering 
mirror  to  view  the  Earth  limb  and  stars  near  the  limb.  The  configuration  of  the  UVPl  and  the 
radiometric  response  of  UVPl  arc  discussed  in  Refs.  1  and  2;  characteristics  of  the  UVPl  have  been 
previously  reported  [4,5]. 


The  tracker  camera  is  an  intensified  charged-coupled  device  (CCD)  camera,  which  is  sensitive 
over  a  wide  wavelength  range  extending  from  255  to  450  nm.  Figure  1  shows  the  overall  response  of 
the  tracker  camera  as  a  function  of  wavelength,  including  the  effects  of  the  bandpass  filter  in  the 
camera  system,  the  photocathode  response,  and  the  other  optical  elements.  This  camera  has  a 
relatively  wide  total  field  of  view  of  1 .97°  by  2.62°;  images  over  this  full  field  of  view  can  be 
iccuidcu  di  a  5  IIz  image  rate.  The  tracker  camera  can  also  be  operated  in  a  mirde  wher('  the 


transmitted  field  of  view  is  restricted  to  the  central  17%  of  the  full  field  of  view  ,  and  the  image  rate  is 
increased  to  30  Hz.  The  intensifier  gain  and  the  exposure  time  of  the  camera  can  be  controlled  to 
provide  a  radiometric  dynamic  range  greater  than  10^. 
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The  plume  camera  is  also  an  intensified  CCD  camera  operating  in  the  ultraviolet.  The  plume- 
camera  optical  train  contains  a  filter  wheel  with  four  selectahlo  fillers  that  have  bandpasses  within  the 
195  to  350  nm  range.  Figure  2  shows  the  overall  response  of  the  plume  camera  for  each  of  these  four 
filters.  The  plume  camera  has  a  total  field  of  view  of  0.180"  by  0.135'^  with  a  correspondingly  higher 
resolution  than  can  be  achieved  by  the  tracker  camera.  Plume  camera  images  can  be  recorded  or 
transmitted  at  cither  5  or  30  Hz,  depending  on  the  desired  field  of  view.  The  mlensifier  gain  can  be 
controlled  to  provide  a  radiometric  dynamic  range  greater  than  10<’.  Table  1  summarizes  the 
instrument  characteristics  and  telemetry  rates. 


Wavelength  (nm) 

Pig  1  -  Tracker  camera:  nci  quantum  efficiency  curve 
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Table  I  -  Instrument  Characteristics 


Parameter 

Tracker  Camera 

1  Plume  Camera 

Shared  telescope  type 

Maksutov  Cassegrain 

Maksutov  Cassegrain 

Telescope  diameter 

to  cm 

10  cm 

Focal  Icngili 

60  cm 

600  cm 

Field  of  view 

2.62°  X  1.97° 

.180°  X  .135° 

Field  of  regard 

100=  X  97° 

100°  X  97° 

Field  of  view  per  pixel 

182  X  143  uradian 

12.5  X  9.8  uradian 

Pixel  footprint  @  500  km 

91  X  72  m 

6.2  X  4.9  m 

System  resolution  (FWHM) 

220  to  250  uradian 

80  to  100  uradian 

Spectral  region 

195-350  nm 

Number  of  filters 

4 

Photocathodc  material 

Bialkali 

CsTc 

Time  lor  niter  chanpc 

1.7  s 

Di(!iti7ation 

Digital  data  rate 

Image  rate  normal 

5  per  second 

5  per  second 

zoom* 

30  p.er  second 

30  pci  second 

Pixels;  normal 

251  X  240 

251  X  240 

7.oom 

91  X  112 

91  X  112 

Pixel  exposure  lime 

0.16  to  3J.3  ms 

33  ms 

Frames  integrated 

n/a 

1-6 

Exposure  r.inge 

>10* 

>10* 

•Reduced  field  of  view 


1 ,3  ScicntiHc  Objectives  tor  tVPI 

The  primary  goal  of  the  Nihka  mission  (6]  for  UVPI  was  to  collect  spatially  resolved, 
radiometric  UV  plume  data.  This  was  to  be  accomplished  for  the  third,  or  Nihka,  stage  of  the  Black 
Brant  X  rocket  by  using  lIYPI’s  capabilities  for  tracking  and  imaging  a  moving  target  at  long  range. 
The  one  plume-camera  filter  chosen  to  take  data  was  filter  1  (which  has  a  band  pass  in  the  mid-UV 
band)  because  these  data  can  be  obtained  only  from  a  space-based  sensor,  and  this  band  of  emission 
has  the  best  potential  for  high  signal-to-background  contrast.  Pointing  accuracy  was  optimized 
because  ihis  simplifies  registration  of  images  when  superposed,  a  necessary  procedure  for  improving 
statistics 

A  secondary  goal  was  to  observe  any  serendipitous  special  events  such  as  transients,  puffs, 
chuffing,  clouds,  or  contrails.  The  brightness,  size,  frequency,  and  persistence  of  such  phenomena 
would  provide  useful  information. 

The  specific  objectives  of  the  mission,  related  to  UVPI  data,  arc  given  in  the  following 
subsections.  They  revolve  around  a  number  of  questions  concerning  plume  radiance,  spatial  extent, 
temporal  variability,  and  spectral  shape  of  the  UV  emissions  |7-9).  The  objectives  are  grouped  under 
headings  refltcting  these  subjects 

1..3.1  Radiomctriis 

The  following  objective-,  are  basic  to  those  listed  iri  the  subsequent  subsections: 

•  (Obtain  isoradiance  contours  from  the  plume  camera  for  the  Nihka-siage  plume. 

•  Obtain  radiant  intensity  measurements  from  the  plume  camera  for  the  Nihka-stage  plume 
based  the  eniire  field  of  view  of  the  plume  camera  and  on  a  subregion  corresponding 
iipproximatcly  to  a  plume  core. 
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•  Compare  radiometric  measurements  for  the  Nihka-stage  plume  with  other  measurements  or 
expectations. 

•  Provide  radiometric  measurements  for  non-plume,  transient  phenomena,  if  any. 

1.3.2  Spatial  Features 

•  Obtain  the  'ength  of  the  Nihka  plume  and  investigate  implications  for  cooling  rate  and 
emissivity  of  particles. 

•  Obtain  the  shape  of  the  shock  boundary/mixing  layer  of  the  rocket. 

•  Identify  asymmetries  in  plume  shape  and  investigate  angle-of-attack  and  uneven  burning  as 
possible  causes. 

1 .3.3  Temporal  Features 

•  Identify  temporal  trends  in  radiometrics  and  investigate  possible  dependence  on  rocket 
velocity  and  altitude. 

•  Investigate  radiometric  fluctuations  to  determine  whether  short-term  variations  in  brightness 
are  observed. 

•  Identify  changes  with  time  in  the  shape  of  the  plume’s  outer  regions,  if  any,  and  investigate 
possible  dependence  on  rocket  velocity  and  altitude. 

•  Identify  persistence  and  cumulative  effects,  if  any,  in  plume  or  nonplume  phenomena. 

1.3.4  Spectral  Features 

•  Compare  the  plume  central  region’s  emission  within  a  filler  bandpass  with  a  reference 
spectral  shape  prediction  normalized  to  the  tracker  camera  measured  emissions. 

•  Relate  tracker  camera  measurements  to  visible  and  infrared  measurements  made  by  other 
sensors. 

•  Gather  data  on  the  emission  spectrum  for  the  plume’s  outer  regions,  if  any. 

1 .4  Experiment  Concept 

1,4.1  Nihka  Description  and  Ixiunch  Plan 

The  target  vehicle  was  a  three-stage,  suborbital  rocket  called  Black  Brant  X.  Its  three  stages 
were  a  Terrier  booster,  a  Black  Brant  second  .stage,  and  a  Nihka  third  stage  In  addition,  a  Star  6B 
solid-fueled  rocket  mounted  in  the  payload  was  to  be  fired  before  the  third  stage  ignited  to  separate 
the  payload  from  the  third  .stage.  Figure  3  is  a  schematic  of  the  vehicle.  The  third  stage  had  two  150- 
W  quartz-halogen  bulbs  that  supported  the  payload’s  mission  but  were  not  expected  to  be  seen  bv  the 
UVPI. 


The  Nihka  third  stage,  which  was  the  target  ol  this  GVPl  observation,  is  a  12.000-lb  thrust 
class,  solid-fueled  rocket  motor  manufactured  by  Bristol  Aerospace  Limited  of  Winnipeg,  Manitoba, 
Canada.  The  solid  propellant  is  69.57c  ammonium  perchlorate,  18%  aluminum  powder,  and  12.57c 
hydroxi  terminated  poly  outadiene  (HTPB)  binder.  The  Nihka  rocket  motor  is  56.6  in.  long,  17.3  in. 
in  diameter,  and  weighs  approximately  900  lb.  The  motor  case  is  welded  steel  sheet  with  forged  steel 
end  domes.  The  nozzle  is  steel,  with  a  throat  in.scrt  of  graphite-phenolic  composite  and  a  silica- 
phenolic  composite  exit  cone.  The  nozzle  has  a  27.9  expansion  ratio,  a  19.6'  divergence  and  an  exit 
diameter  of  15  in.  Nominal  burning  time  for  the  Nihka  is  17.8  s;  nominal  pressure  during  burning  is 
910  lb  per  square  in.,  absolute. 

The  Black  Brant  X  rocket  was  scheduled  for  launch  on  25  August  1990  at  07:04:10  GMT 
from  Wallops  Island,  Virginia.  The  launch  time  was  rcquc.sted  by  the  UVPI  obsers alien  team  to  match 
the  time  of  the  LACB  satellite’s  overflight. 

The  planned  .>cquencc  of  cvent.s  called  for  the  .'.eparation  of  the  third,  or  Nihka,  vunge  and 
payload  from  the  second  stage  about  24  s  after  the  .second-stage  burnout.  HIcven  seconds  later  the 
payload,  known  as  the  probe,  was  to  he  separated  from  the  Nihka  stage  and  drift  away.  .About  30  s 
later  the  Star  6B  motor  on  the  probe  was  to  fire  to  move  the  probe  into  position  The  Star  6B  was  to 
burn  for  about  7  s.  About  9  s  after  the  Star  6B  burnout,  the  probe  was  to  reorient  by  180'’  and  find 


LACEAJVPl.  Nihka 


5 


the  quartz-halogen  bulbs  on  the  Nihka  rocket.  These  events  were  to  occur  several  tens  of  seconds 
before  the  ignition  of  the  Nihka  stage  and  the  UVPI  observation  of  it. 


Nose  Cone- 
Probe- 

Star  6B  Motor 


-M 


Nihka- 


Slack  Brant- 


K 


Terrier- 


Fig.  3  •  Black  Brant  X  rocket 


1.4.2  Radiometrics 

The  Nihka  rocket-motor  propellant  is  a  composite  consis'mg  of  an  oxidizer,  powdered 
aluminum,  and  a  small  amount  of  hydrocarbon  binder.  The  combustion  products  for  such  rocket 
motors  are  AI2O3  particles,  H2O,  CO,  CO2,  and  other  ga.ses.  The  temperature  inside  the  rocket  motor 
ch  ’.nber  is  typically  3200  K,  which  is  hot  enough  to  melt  the  AI2O3  (melting  point  -  2320  K)  but 
not  hot  c  tough  to  vaporize  it  (boiling  point  approximately  =  3700  K).  As  the  exhaust  exits  the 
rocket  nozzle  it  cools,  and  the  AI2O3  begins  to  solidify.  The  temperature  of  the  exhaust  decreases 
further  as  it  moves  away  from  the  rocket  (7). 

In  the  ultraviolet,  the  emission  from  the  plume  central  regions  of  solid-fuel  rocket  motors 
with  aluminum  is  expected  to  be  dominated  by  therm  1  ■:mission  from  hot  particles  of  AI2O3.  In  a 
simplified  model,  the  temperature  of  the  AI2O3  particlc.N  is  taken  to  be  constant  at  the  solidification 
temperature  of  2320  K  be-:  use  the  latent  heat  of  fusion  causes  the  temperature  of  the  particles  to 
pause  momentarily  at  this  point  as  they  cool.  In  the  outer  region,  other  thermophysical  processes  can 
produce  emission  bands  arising  from  exhaust  gases  or  atmospheric  constituents,  and  these  will 
contribute  to  the  spectrum. 
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Even  in  the  simplified  model,  in  which  the  AI2O3  particles  in  the  plume  are  assumed  to  be  at  a 
uniform  temperature  of  2320  K,  the  plume  emission  is  different  from  a  2320  K  blackbody  for  two 
primary  reasons.  First,  the  plume  consists  of  a  rather  transparent  cloud  of  particles,  and  the  total 
emission  from  the  cloud  is  substantially  less  than  would  be  the  case  from  a  solid  object  the  same  size 
as  the  plume.  Second,  the  AI2O3  particles  are  typically  a  few  microns  in  size  and  are  inefficient 
emitters  of  visible  and  longer  wavelengths.  The  effective  emissivity  for  2.3-micron  particles  of  AI2O3 
is  considered  typical  of  particles  in  the  plume.  This  is  further  discussed  in  Section  3. 

The  rocket’s  emission  was  estimated  for  the  PC-1  bandpass  by  using  a  modified  version  of 
the  CHARM  1.3  code.  This  result,  together  with  the  tracker  camera  prediction,  is  given  in  Table  2. 
This  information  was  used  for  planning  the  mission. 


Table  2  -  Expected  Intensities  for  Nihka 


Filter  Aspect  Angle 

W/sr  !  Photoevents/Frame  | 

PC-1  1  60’ 

16.0 

20.7  1 

2  0  NIHKA  OBSERVATION 

The  UVPI  and  LACE  delayed-execution  commands  and  the  associated  pointing  functions 
were  transmitted  to  the  spacecraft  and  UVPI  at  about  13;45  GMT  on  24  August  from  the  LACE 
ground  site  located  at  Vandenberg  Air  Force  Base  (VAFB),  California.  The  delayed-execution 
commands  turned  the  UVPI  on,  initialized  its  computer,  and  set  its  clock;  these  operations  were  done 
prior  to  acquisition  of  the  LACE  spacecraft’s  RF  signal  at  the  LACE  ground  site  located  in  Maryland. 
Figure  4  shows  the  ground  trace  of  the  LACE  spacecraft.  Figure  5  shows  the  ground  trace  of  the 
rocket  and  the  UVPI  tracker  camera’s  field  of  view  projected  on  the  surface  of  Earth.  The  ground 
site  at  VAFB  was  in  contact  with  the  LACE  spacecraft  when  the  UVPI  turned  on  and  confirmed  that 
the  UVPI  was  operating  normally.  At  acquisition  of  the  signal  at  the  Maryland  site,  the  UVPI  was 
executing  a  star  scan.  The  purpose  of  this  star  scan  was  to  measure  the  spacecraft’s  yaw  attitude 
component.  The  roll  and  pitch  attitude  components  that  were  used  for  this  observation  were 
predictions  based  on  data  taken  from  the  LACE  attitude  sensors  earlier  that  day. 
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Fig.  5  -  Ground  trace  of  rocket  and  projected  field  of  view  of  UVPI  tracker  camera 


Immediately  after  the  rocket  launch,  the  actual  launch  time  was  relayed  to  the  UVPI 
observation  team  by  telephone  from  within  the  rocket  launch  facility.  A  final  UVPI  pointing  function 
was  then  computed  based  on  the  measured  LACE  yaw,  the  actual  rocket  launch  time,  and  the  high 
precision  orbital  elements  obtained  just  prior  to  the  pass.  This  final  rocket  pointing  function  was 
designed  to  point  with  a  circular  scan  pattern  having  a  radius  of  1.1°  and  a  period  of  16  s  about  the 
nominal  rocket  trajectory. 

Table  3  lists  the  major  and  critical  events  that  took  place  during  this  observation  pass.  When 
the  Nihka  rocket  plume  was  first  visible  in  the  UVPI  tracker  camera,  a  prepared  sequence  of 
commands  was  transmitted  to  the  UVPI.  These  commands  had  the  UVPI  acquire  and  track  the  rocket 
plume  target,  begin  using  the  zoom  mode  of  image  transmission,  and  interleave  the  tracker-to-plume 
frames  at  a  ratio  of  2:8.  The  plan  was  to  have  the  entire  observation  taken  by  using  plume-camera 
filter  number  1  because  of  the  short  bum  duration  of  the  Nihka  rocket  stage. 

The  total  flight  time  for  the  Black  Brant  X  rocket  lasted  about  12  minutes;  final  stage  burnout 
occurred  192  s  after  liftoff. 

2.1  Trajectory  and  Vehicle  Performance  Data 

Figure  6  shows  the  Black  Brant  X  rocket’,';  altitude  and  velocity  as  a  function  of  time  based 
on  the  trajectory  that  was  used  to  generate  the  UVPI  pointing  function.  Appendix  A  provides  detailed 
data  on  the  Nihka  trajectory.  At  Nihka  burnout,  altitude  reached  180  km  and  velocity  reached  2.6 
km/s.  The  difference  in  location  from  the  prclaunch  trajectory  and  the  actual  location  of  the  rocket 
during  the  Nihka  motor  burn  ranged  from  about  5  to  7  km.  Figure  7  shows  the  UVPl-to-targct  range, 
which  is  about  448  km  at  Nihka  burnout.  Aspect  angle  duiing  the  Nihka  burn  is  shown  in  Fig.  8  and 
is  about  56°  at  Nihka  burnout.  The  aspect  angle  is  the  angle  between  the  line  of  sight  of  UVPI  and 
the  longitudinal  axis  of  the  rocket.  An  aspect  angle  of  0°  means  that  UVPI  is  looking  directly  at  the 
nose  of  the  rocket.  Figure  9  shows  the  angle  of  attack  of  the  Nihka  rocket  during  its  bum.  The  angle 
of  attack  is  the  angle  between  the  rocket’s  thrust  and  velocity  directions.  Figure  10  shows  the  Nihka 
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thrust  level,  and  Fig.  1 1  shows  the  orientation  angle  in  the  UVPI  tracker  camera  during  the  time  of 
the  Nihka  motor  bum.  The  orientation  angle  is  -59°  at  Nihka  burnout.  The  orientation  angle  is  the 
angle  of  the  longitudinal  axis  of  the  rocket,  as  viewed  in  the  UVPI  tracker  camera’s  field  of  view, 
where  0°  is  horizontal  pointing  to  the  right  and  +90°  is  pointing  up. 


Table  3  -  Sequence  of  Events  During  Nihka  Observation  Pass 


Time  (GMT) 

Event  1 

7:01:54 

7:01:55 

Start  tape  recorder  | 

7:A1:55 

7:02:00 

Black  Brant  X  launch 

7:04:54 

2nd  stage  burnout 

7:05:25 

Tape  recorder  reels  change 

7:06:00 

Set  lost  track  function 

7:06;0^ 

Point  to  Nihka  along  nominal  trajectory 

■cnsramii  niii  rw  in  irr— 

1  7:06:25 

HITETStl  •  V  tTTTATtfTnKt  nniTSIS 

7:06:56 

UVPI  commanded  to  2:2  tracker:plume 
ratio 

7:07;06 

mMmsmaaEammmmmm 

1 7:07:08.29 

■araiwaaiaajnaiiii iiiinTii II  him 

■aming^^iMnaiiJJMmTiiH'fWi 

UVPI  commanded  to  zoom  mode 

7:07:18.74 

UVPI  commanded  to  2:8  tracker:pliime 
ratio 

■9  ti  n  msnniTsnTHRi  sBsmit 

lop  tape  recorder 


UCE/WPI:  Nihka 
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UiCE/UVPI:  Nihka  _ 11 

2.2  Tracking  and  Pointing  Performance  Data 

2.2.1  Mode  Sequencing  Overview 

The  tracker  was  commanded  to  the  mass/intensity  centroid  track  mode  throughout  the  Nihka 
observation.  Figure  12  shows  the  sequencing  of  the  various  mission  modes  during  the  observation. 


Fig.  12 -Track  anO  mission  modes  vs  frame 


The  Nihka  rocket  burned  for  approximately  17  s.  The  POINT  mode  was  used  to  scan  for  the 
Nihka  until  it  was  within  the  tracker  camera’s  field  of  view,  at  which  time  the  ACQUIRE  mode  was 
commanded  from  the  ground  station.  The  tracker  then  locked  onto  the  target  in  less  than  0.1333  s 
and  tracked  for  approximately  1 1  s.  Therefore,  approximately  6  s  were  required  before  the  target 
appeared  and  was  recognized  in  the  tracker  camera’s  field  of  view  and  TRACK  mode  could  be 
achieved.  The  important  events  are  tabulated  in  Table  4. 


Table  4  -  Sequence  of  Tracking  Events  During  Nihka  burn 


Frame _ I 

Mission  Mode  1 

_ Timers) _ 

1  Comment  1 

11489  1 

POINT  1 

i 

0.0 

!  ' 

1 1490  ' 

.  1 

ACQUIRE 

0.0333 

1 

1 

11491  , 

ACQinRE  , 

0.0667 

i 

1 

11492  ; 

ACQUIRE  ! 

0  1 

1149.1  ! 

TRACK  ■ 
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The  time  column  in  Tabic  4  is  arbitrarily  chosen  to  support  the  servo  response  analysis  that 
will  be  provided  later  in  this  section.  For  this  observation,  the  linear  equation  for  time  is.  TIME  = 
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(FRAME- 1 1489)/30.  Note  that  there  is  ’/30th  of  a  second  between  frames.  Figure  13  is  a  graph 
showing  the  relationship  between  time  and  frame  number. 
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Fig.  1 .3  •  Frame  vs  iimc 

Figures  14  and  13  show  the  azimuth  and  elevation  gimbal  angles,  respectively,  as  a  function 
of  the  frame  number.  Since  the  satellite’s  ground  track  was  approximately  toward  the  northeast  and 
the  rocket  trajectory  was  approximately  due  east,  the  elevation  gimbal  angle  only  varied  by  about  1'' 
during  the  engagement.  The  azimuth  gimbal  angle  was  initially  looking  ahead  of  the  satellite  and  was 
looking  behind  the  satellite  at  the  end  of  the  encounter.  The  azimuth  angle  varied  about  9°  during  the 
encounter.  The  azimuth  and  elevation  gimbal  rates  were  calculated  as  0.7°/s  and  0.1  °/s,  respectively, 
which  were  well  within  the  tracker's  capability.  The  dashed  lines  in  these  plots  represent  the  SC-1 
commanded  gimbal  angles.  At  the  beginning  of  the  encounter,  while  operating  in  the  POINT  and 
ACQUIRE  modes,  the  SC-1  commanded  the  gimbal  angles.  When  the  tracker  locked  onto  the  target 
image,  the  mode  was  set  to  TRACK  and  the  tracker  controlled  the  gimbal  angles.  Note  that  the  SC-1 
commanded  gimbal  angles  remained  fixed  to  the  last  commanded  value.  There  was  a  noticeable 
transient  as  the  tracker  brought  the  track  errors  to  zero.  At  the  end  of  the  encounter  W’hen  the  tracker 
lost  the  target  image  and  went  into  the  EXTRAPOLATE  mode,  the  SC-1  extrapolated  the 
immediately  previous  gimbal  angles  according  to  their  respective  rates.  Also,  note  that  the  gimbal 
motion  at  this  time  exhibited  a  transient  that  was  a  result  of  the  extrapolation  function 
implementation.  The  windowing  logic,  shown  in  block  form  in  Fig  16,  shows  that  the  track  gate  size 
goes  through  fixed  steps  at  1.0,  1.5,  and  4.0  s  alter  initial  tracker  lockon. 
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Fig  15  -  Elevation  gimbal  angles  vs  frame 


Fig.  16  -  Block  diagram  ol  tracking  sequence 


Figures  17  and  18  present  the  tracking  window  (or  track  gate)  size,  and  target  size  as  a 
function  of  the  frame  number.  The  initial  track  gate  size  is  .set  to  2046  in  X  and  1022  in  Y,  which  is 
equivalent  to  a  fully  open  track  gate  equal  to  the  total  Held  of  view. 

The  target  size  remained  within  the  track  gate  at  all  t.mes  during  the  time  that  the  tracker  was 
locked  onto  the  Nihka  rocket. 
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Fig.  17  -  Track  gatc/targcl  si/e  X  vs  frame 
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Fig.  iS  -Tnrk  gaic/largcl  si/c  Y  vs  frame 


2.2.2  Tracker  Servo  Response 


I 


Figure  19  shows  the  error  gain  corrections  for  converting  the  focal  plane  tracker  errors  into 
gimbal  commands.  A  comparison  with  the  actual  equations  shows  that  these  curves  agree  with  the 
error  gam  equations  given  below: 


A  B 

-tanf0)  tanfO) 

2  co.s(0) 

~  2  ~ 
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- 
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F'ig  19  -  Gam  coefficients  vs  frame 


The  tracker  errors  arc  plotted  as  a  function  of  time  in  Fig.  20.  Table  5  shows  the  tracker  servo 
response  determined  from  this  plot. 
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Fig  20  -  Tracker  error  response  vs  nine 
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Table  5  -  Tracker  Servo  Response 


TRKERRX 

TRKERRY 

Rise  time 

<  11.2  s 

<  0.2  s 

9c  Overshoot 

~  4()';r 

-  2HG 

Seltlinc  time 

<  1  0  s 

<  1 .0  s 

These  results  compare  favorably  with  the  prior  laboratory  tests  and  tracker  simulation  results 
The  large  overshoot  is  attributed  to  the  type  3  servo  inipienienniiujii,  wiiicli  piovidcs  zero  steady 
state  tracking  error  when  tracking  an  accelerating  target. 
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2.2.3  Tracker  Jitter 

The  tracker  jitter  is  determined  between  frames  11550  and  11800.  Figure  21  shows  the 
tracking  errors  plotted  as  pixels  or  television  lines  vs  the  frame  numbers;  Fig.  22  plots  the  tracking 
error  in  X  vs  the  tracking  error  in  F.  These  two  different  perspectives  show  that  the  trackei  is  biased 
approximately  half  a  pixel  in  Y  with  an  elongated  scattering  in  the  X  direction  that  o.scillates  between 
±1  pixel.  Statistics  on  this  set  of  data  arc  shown  in  Table  6. 


1  1 .5S0  t  1 .600 


1  1,650  1  1.700 

Frame 


1  1.750  1  1.800 


Fig.  21  -  X  and  Y  tracker  errors  vs  Ir.inic 


Fig  22*  Y  tracker  error  (TV  lines)  v.s  X  tracker  error 
(pixels) 


Table  6  -  Tracker  Jitter  Statistics 


TRKFRRX 

(pixel) 

TRKERRY 
(TV  line) 

TRKHRRX 

TRKERRY 

(prad) 

Minimum 

•()..50 

-0.625 

-30.00 

-89.38 

Maximum 

0.72 

-0.25 

"i 

1 

43,14 

-35,75 

Sum 

12,44 

1 

-1I0.25 

746. 5H 

-15765.75 

I’oints 

25 1. 

_J 

251. 

251. 

Mean 

(i.O.st) 

-0.44 

1  2.91 

-62.81 

Median 

0.0.3  1 

I  -047 

j  1.86 

-67.07 

RMS 

0.2: 

0.44 

1 

--I 

13.12 

63  56 

Std  Deviation 

0  21 

I 

J 

0()6K 

12.81  ^ 

9.77 

Variance 

'l  0.046 

00047 

163,07 

95  44 

A  more  representative  picture  is  shown  in  Figs.  2.3  and  24  wlicre  the  pixels  and  lelevisioii  lines 
have  been  converted  to  niicroradians.  The  statistical  results  from  these  plots  are  also  shown  m  Table 
6.  The  conversion  from  .v-pixels  to  microradians  is  6tl  prad  per  pixel;  the  coinersion  from  \-T\  lines 
to  microradians  is  143  prad  per  1  A'  line.  Note  that  the  bias  in  the  )  direction  is  approximately  -63 
prad.  The  standard  deviation  is  the  RMS  value  aboui  the  mean.  Hence,  the  X  and  Y  tracker  RMS 
about  their  rcspectt'.c  I'.tcan:.  13  prad  .V  and  !<*  prad  in  V  Thesi-  valmw  an'  beiier  than  ihi’  iracker 
jitter  specification  of  15  prad  RMS. 
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Fig.  23  -  X  and  Y  tracker  errors  vs  time 
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Fig.  24  -  Y  trackei  error  vs  X  tracker  error 


3  0  EXTRACTION  OF  RADIOMETRIC  QUANTITIES 

■'  .ice  levels  of  data  reduction  are  useful  for  any  radiometric  experiment.  At  the  first  level, 
I  "e'.y  reduced  to  instrument  readings  or  count.s  at  the  image  plane;  at  the  second  level, 

;adtngs  are  converted  by  instrument-specific  factors,  which  may  be  approximate,  into 

,;aie  measures  of  physical  quantities,  e  g.,  radiance,  with  no  assumed  spectral  shape  for  the 
ber  g  used;  and,  at  the  third  level  of  reduction,  a  spectral  shape  is  assumed  to  reduce  data  and 
present  it. 

It  i.,  necessary  to  assume  a  spectral  shape  because  instrument  efficiency  is  a  function  of 
wavelength  within  each  band.  Therefore,  the  spectral  distribution  of  incident  photons  is  needed  to 
provide  the  appropriate  weighting  at  each  wavelength  within  the  passband  of  integrated  response 
Since  the  spectral  shape  is  not  known  from  the  data,  a  spectral  shape  must  be  assumed  to  determin 
this  weighted  distribution.  Once  a  spectral  shape  has  been  assumed,  the  number  of  photoevent . 
measured  is  used  to  infer  the  amplitude  or  intensity  of  the  emission  with  that  spectral  shape. 

3.1  Data  Calibration  Procedure 

The  raw  image  data  transmitted  from  the  satellite  are  in  the  form  of  arrays  of  8-bit  binary 
numbers  which  represent  the  intensity  of  light  falling  on  the  ^th  pixel  of  the  CCD.  From  Q^,  an 
estimate  of  the  number  of  photoevents  F*  occurring  at  the  corresponding  photocathode  pixel  during 
the  image  frame  can  be  obtained  by  using; 

Pk  ^  iQk-Ok)/(UkGf,)  (1) 


where 

is  the  gain  conversion  factor  for  gain  step  g.  i.c.,  the  value  of  (2^  for  a  single  photoevent, 
assumed  to  be  the  same  for  all  pixels  k\ 

Dj^  IS  the  dark  value  for  the  Ath  pixel;  and 

U is  the  gain  nonuiiiformity  correction  factor  for  the  k\.h  pixel. 

Tfic  pulse  height  distribution  of  the  image  mtensifier  will  cau.~.e  noninteger  values  for  P*..  The 
conver.'^ion  of  CCD  response  peaks  to  integral  photoevent  count.s  is  possible  onlv  on  the  weakest 
images  oecause  of  the  overlap  of  photoevent  images.  Hence,  P^  values  are  treated  as  continuous 
variables.  The  (Jg,  Dk.  and  C;  factors  are  di.scusscd  in  detail  with  the  data  calibration  procedure  in 
Section  2.0  of  the  UVPl  data  reduction  methodology  report  llj. 
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3.1.1  Statistical  Discrimination  Of  Photoevents 

When  a  single  photoevent  is  generated  in  the  microchannel  plate  (MCP)  of  the  UVPI  plume 
camera,  it  is  registered  as  a  spatial  distribution  of  charge  in  the  CCD  focal  plane  array  (FPA).  In 
general,  a  photoevent  gets  registered  within  a  3  x  3  pixel  region  with  the  largest  FPA  response  at  the 
center  pixel.  Note  that  the  blurring  of  a  single  photoevent  over  the  3  x  3  pixel  region  is  a  relatively 
small  component  of  the  overall  system  point  spread  function. 

When  UVPI  is  looking  at  a  .source  that  is  dim  compared  to  the  instrument  sensitivity,  the 
instrument  gain  is  automatically  set  liigh,  for  example,  gain  13.  At  these  high  gains  the  calibration 
procedure,  i.e.,  the  estimation  of  photoevents  from  the  measured  digital  number  (DN),  is  sensitive  to 
any  mismatch  between  the  estimated  dark  field  level  used  for  calibration  and  the  actual  dark  field 
level.  Although  a  small  bias  error  in  the  dark  field  estimate  would  have  a  small  impact  on  the 
photoevent  estimate  foi  a  single  pixel,  it  could  have  a  large  impact  on  the  results  when  summing  the 
contribution  of  groups  of  pixels.  Hence  for  dim  signal  levels,  such  as  the  Nihka  rocket  plume,  a 
statistical  discrimination  scheme  was  developed  that  fixes  the  probability  of  false  alarm  for  every 
pixel.  In  the  context  of  calibrating  UVPI  data,  a  false  alarm  occurs  when  the  noise  in  a  pixel  that 
contains  no  target  is  large  enough  to  be  considered  part  of  a  photoevent. 

Working  with  the  already  calibrated  images,  the  discrimination  scheme  consists  of  estimating 
a  statistical  decision  threshold  for  each  image.  The  threshold  is  given  in  terms  of  background  mean, 
standard  deviation,  and  accepted  probability  of  false  alarm.  Estimates  for  each  image  of  the 
background  mean  and  variance  are  made  by  using  4  image  blocks  located  at  each  corner  of  the 
image  and  with  dimensions  of  8  by  8  pixels.  The  estimated  threshold  will  exactly  correspond  to  a 
probability  of  false  alarm  of  PF  if  the  following  assumptions  hold  [10): 

•  the  local  mean  and  local  variance  background  statistics  are  the  same  over  the  whole 

FPA,  and 

•  the  density  function  of  the  background  follows  a  Gaussian  distribution. 

Mathematically  the  decision  threshold  is  given  by; 

t'  +  at'. 

where 

is  the  estimated  background  mean, 

a  IS  the  estimated  background  standard  deviation,  and 

t'  must  satisfy  the  integral  equation 

PF  =  cifc  (r  ). 

where  the  standard  complementary  error  function  is  u.scd  110] 

All  the  plume  camera  images  used  in  this  report  to  estimate  radiance  or  radiant  intensities 
were  subjected  to  the  above  di.scrimination  scheme  by  using  a  probability  of  false  alarm  of  0.0001. 
False  alarms  were,  in  fact,  observed  in  approximately  1  out  of  cveiy  10000  pixels,  indicating  that  the 
two  assumptions  stated  above  are  generally  representative  of  these  data.  Because  a  photoevent  may 
spread  over  a  3  x  3  pixel  region,  i^  nediate  neighbors  were  also  included  as  possible  signal 
contributors  for  all  those  pixels  where  a  photoevent  took  place.  A  new  estimate  for  the  number  of 
photoevents  from  the  tth  pixel  was  computed  based  on  the  following  rule, 

Pjt  =  max  (0,  Pii  -p)  if  condition  (.A)  holds,  or 
=  0,  otherwise. 

In  the  above,  condition  (.4)  states  that  if  any  pixel  in  the  local  neighborhood  of  the  kih  pixel  exceeds 
t'  then  the  value  at  the  Ath  pixel  is  adjusted  to  be  the  maximum  of  zero  or  P;  -  p  .  Thus,  pixels 
containing  no  photoevent  contribution  arc  set  to  exactly  zero,  eliminating  the  possibility  of  an 
“erroneous”  contribution  resulting  from  uncertainties  in  the  dark  field  estimate  for  that  pixel.  This 
adjustment  can  be  significant  when  large  numbers  of  pixels  contam  no  photoevents,  i.c.,  few 
photoevents  per  image. 
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Figure  25  is  a  composite  image  created  v/ith  no  statistical  discrimination;  Fig.  26  is  one 
created  by  using  statistical  discrimination 


Fi?  25  Composite  image  using  no  statistical  discrimination 


s 


Fig  26  Composite  Image  using  statistical  discrimination 
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3.2  Relation  of  Photoevents  to  Source  Radiance 

Presumably,  the  photoevents  at  the  image  plane  are  a  result  of  a  radiation  source  in  the  field 
of  view.  If  the  radiation  source  is  isotropic  and  uniform  over  an  emitting  region  of  area  As.  then  an 
expression  for  the  photon  flux  ())jn  incident  on  the  face  of  the  telescope  in  photons/second  is; 

(t)in  =  {Asi^sfhc)\XLa)dX,  (2) 


where 

L{X)  is  source  spectral  radiance  in  W/m^-nm-sr, 

As  is  area  of  emitting  reg'on, 

ils  is  solid  angle  of  emission  subtended  by  the  telescope, 
h  is  Planck’s  constant,  and 

c  is  speed  of  light. 

The  factor  X/hc  converts  the  spectral  radiance  L{X)  to  a  photon  radiance  (photons/s-m^-nm- 
sr). 

By  setting  the  size  of  the  emitting  region  equal  to  the  footprint  area  of  a  pixel,  the  following 
reciprocity  relation  results: 

As  ^s  ~  A^IR~  =  A^ilp, 


where 

Ac  is  system  aperture  area, 
is  pixel  field  of  view,  and 

R  is  range  from  the  detector  to  the  emitting  region. 

The  general  expression  for  the  number  of  photoevents  in  pixel  k  at  the  image  plane  that 
result  from  an  emitting  source  of  spectral  radiance  L{X)  filling  the  pixel  field  of  view  is  then  given  bv 
(11): 

Pf  =  {AcQptlhc)  I  XQiX)UX)  dX,  (3) 


where 

T  is  exposure  time  and, 

QfX)  is  wavelength-dependent  photoelectronic  conversion  efficiency,  or  net  quantum 
efficiency,  of  the  optics  and  detector. 

In  general,  the  exposure  time  x  is  l/30th  s  for  the  plume  camera  and  variable  to  a  maximum  of 
'/30th  s  for  the  tracker  camera.  The  pixel  field  of  view  tip  is  12,5  by  9.8  prad  =  1.22  x  lO  'O  sr  for 
the  plume  camera,  and  182  by  143  prad  =  2.6  x  10-8  sr  for  the  tracker  camera.  At  the  typical  range 
of  500  km,  these  pixel  fields  of  view  correspond  to  6.2  by  4.9  m  and  91  by  72  m,  respectively. 

For  further  insight  into  the  relationship  of  photoevents  to  source  radiance,  several  forms  of 
approximation  can  be  helpful,  Eq.  (3)  can  be  rearranged  as  follows: 

\XQ{X)L(X)dX  =  {Pi,n){hclAcClp).  (4) 

Now  note  that  the  integral  on  the  left  is  similar  to  the  source  radiance  integral,  1  L{X)  dX, 
except  for  the  X  and  Q(A.)  factors.  One  quick  and  simple  approximation  involves  subsiiiuling  eonstant 
values  for  X  and  Q(X),  allowing  them  to  come  out  from  under  the  integral  and  move  to  the  right  side. 
For  example,  =  (Xj  +  X2V2  and  Qo  =  Qmaxl2  provide  estimated  “average”  values  that  allow 
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reduction  of  the  integral  to  an  approximate  radiance.  The  sensitivity  of  this  approximate  radiance  to 
X  and  Q{X)  for  various  assumed  spectra  is  discussed  in  Section  4.6  of  Ref.  1 .  A  more  frequently  used 
approximation  (the  peak  normalized  radiance)  is  discussed  in  the  ne;;t  section. 

3.3  Peak  Normalized  Radiance  Approximation 

The  second  level  of  data  reduction  involves  manipulation  of  instrument-specific  factors  to 
obtain  approximate  measures  of  radiance  and  other  similar  quantities.  In  one  common  method,  peak 
normalization,  both  sides  of  Eq.  (4)  are  divided  by  the  quantities  and  QCX^,).  The  definition  of  Xm 
is  the  wavelength  of  peak  net  quantum  efficiency;  that  of  QfXm)  is  the  peak  net  quantum  efficiency. 
The  result  is  the  peak  normalized  radiance  Lp^.  which  is  defined  as: 

Lpn  ■■=  lXC(X)Z,(X)ifX/X„e(X^).  (5) 

In  practice,  the  evaluation  of  Lpn  is  based  on  the  measured  P;,  using: 

Lpn  =  (Pkn)(hc/x^yiA,apQarn)]  (6) 

Table  7  gives  the  values  of  Xf^,,  C(X„)  and  X^  Qi^m)  for  each  of  the  filters  and  the  quantity 
hclAc^p  =  2.07  X  10-^  J-nm/cm2-sr. 


Table  7  -  Plume  Camera  Filter,  X^,  and  Peak  Quantum  Efficiency 


Filter 

(nni) 

LmQ(Lm) 

(nm) 

Plume  PC-1 

270 

.00606 

1.64 

Plume  PC-2 

305 

.00182 

0.555 

Plume  PC -3 

250 

.00284 

0.710 

Plume  PC-4 

280 

!o131 

3.67 

Tracker 

355 

_ 1 

T>200 

7.10 

Although  Eq.  (5)  is  an  exact  expression,  it  is  not  a  true  radiance  because  the  integral  contains 
t“-rms  other  than  X(X).  Lpn  approaches  the  true  radiance  as  lXg(X)/XmQ(XOT))  approaches  1.  For  UVPI, 
X/Xn,  is  usually  about  equal  to  1,  but  Q(Xy2(Xm)  «  1  for  efficiency  curves  like  PC-1  and  PC-3  with 
long,  low  wings.  On  the  other  hand,  efficiency  curves  for  PC-2  and  the  tracker  camera  are  more  box- 
like,  and  QCkVQi'krn)  close  to  one.  This  is  discus.sed  further  in  Ref  1 . 

Table  8  presents  peak  normalized  radiance  values  and  reference  spectrum  values  obtained 
from  an  observation  of  the  Nihka  rocket  by  using  estimated  from  the  brightest  pixel  only.  The 
ratio  of  the  two  radiances  is  included  in  the  last  column.  For  PC-1,  the  peak  normalized 
approximation  underestimates  the  reference  spectrum  result  by  almost  a  factor  of  10  because  of  the 
low  efficiency  wings. 


Table  8  -  Pt/T  and  Lpn  for  Brightest  Pixel 


Filter 

Pi/X 

(photoevents/s) 

n 

(pW/sr-cm7) 

L, 

(pW/sr-cni7i 

LprJLr 

1 _  Plume  PC- 

_J 

5.29 

6.68  X  10  - 

5.47  X  10-’ 

0.12 

Thus,  the  peak  normalized  radiance  is  an  approximate  measure  of  the  total  radiance  in  the 
passband  of  the  filter  A  corrected  mdiance  can  be  obtained  if  the  true  spectrum  is  used  to  evaluate 
the  integral  [11].  In  particular,  the  peak  radiance  approximation  is  exact  only  for  a  line  spectrum 
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peaked  at  [12).  To  gain  a  better  estimate  of  the  true  in-band  radiance,  the  approximate  shape  of 
the  plume  spectrum  must  be  known. 

3.4  Reference  Spectrum  for  Aluminum-Loaded  Propellants 

The  third  level  of  data  reduction  requires  the  assumption  of  a  spectrum  of  the  emitting 
region.  Tne  amplitude  of  the  assumed  spectrum  plays  no  role,  but  the  shape  acts  as  a  weighting 
function  within  the  passband  to  determine  the  distribution  of  photons  as  a  function  of  wavelength. 
This  is  important  because  the  instrument  efficiency  is  different  at  each  wavelength  within  a  passband 
and,  thus,  the  implied  photon  flux  at  the  telescope  face  for  a  fixed  measurement  of  photoevents 
will  depend  on  how  the  photons  are  distributed  across  that  wavelength  interval.  What  is  needed  is  the 
spectral  shape.  Such  a  spectral  shape  is  not  prw'  ided  by  the  instrument.  Fortunately,  previous 
measurements  and  theoretical  predictions  can  aid  io  making  the  assumption,  as  explained  below.  The 
sensitivity  of  the  resulting  radiometric  numbers  ’o  sevcial  different  spectral  shapes  is  discussed  in 
Section  4.5  of  Ref.  1 . 

The  solid  rocket  motors  under  consideration  contain  powdered  aluminum  in  their  propellant. 
This  aluminum  oxidizes  and  emerges  as  an  incandescent  mist  in  the  rocket  exhaust.  It  is  this  mist  of 
oxidized  aluminum  particles  or  droplets  that  emits  much  of  the  UV  radiation  seen  by  UVPl  in  the 
plume  central  region  This  mist  is  optically  thin.  The  plumes  are,  thus,  partially  transparent.  Because 
the  heat  of  fusion  for  aluminum  oxide  is  very  high,  and  the  rate  of  cooling  for  micron-sized  particles 
is  relatively  low,  the  particles  remain  at  roughly  their  melting  temperature  throughout  the  length  of 
the  plume.  Thus,  most  of  the  light  in  the  plume  will  be  from  this  nearly  transparent  cloud  of  micron- 
sized  AI2O3  particles  at  their  melting  point,  2320  K. 

The  assumed  spectral  shape  used  is  that  of  a  2300  K  blackbody  times  an  emissivity  function 

shown  in  Fig.  27  113).  This  emissivity  curve  is  basically  characteristic  of  hot  alumina  particles 
of  the  size  found  in  rocket  exhaust  plumes  (9). 


The  re.sulting  normalized  spectra!  shape  is  fairly  generic  to  all  solid-fueled  boosters  with 
aluminum-loaded  fuel  and  is  termed  the  reference  spectrum  R{X).  Mathematically, 

RO.\  =  /-«/?  (a),  (7) 


where  Lfi{j(X)  is  the  2300  K  blackbody  spectriuii.  I-'igurc  28  shows  the  reference  spectrum  coinjiared 
to  a  blackbody  spectrum. 


LACE/UVPI:  Nihka 
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The  spectral  shape  is  a  good  approximation  to  actual  rocket  plume  spectra  as  verified  by  on¬ 
board  spectrometers  looking  back  into  rocket  plumes  (14], 

3.5  Use  of  the  Reference  Spectrum  to  Calculate  a  Scaling  Constant 

Assuming  that  the  reference  spectrum  RiX)  gives  the  proper  spectral  shape  for  L(X)  is 
equivalent  to  saying  that  L(X)  and  R{X)  are  related  by  a  scaling  constant  a,  which  is  independent  of  X: 

a  =  L{X)/Ril).  (8) 


The  scaling  factor  a  for  a  pixel  can  be  obtained  by  first  calculating  the  number  of 
photoevents  expected  for  the  unsealed  reference  spectrum  by  using  the  expression 

Pk  =  (Ac  V//IC)  \  X  Q(X)  R{X)dX,  (9) 


where  the  calculated  value  is  the  same  for  all  k  (i.c.,  k  is  superfluous).  Then,  by  using  the  ratio  of  Eq. 
(3)  to  Eq.  (9),  namely, 


jA(2(A)L(A)cfA  ajA(2(A)/?(A)tiA 
jA(2(A)/?(A)r/A  jAG(A)/?(A)JA 


(10) 


Therefore,  can  be  estimated  for  each  passband  and  for  each  pixel  by  comparing  the 
measured  value  of  Pjtto  the  calculated  value,  P*’: 

o-k  =  Pk/Pk  ( ‘  1) 


which  gives  an  in-band,  effective  value  of  for  that  pixel.  Actually,  these  plumes  are  optically  thin, 
and  a.i;,  in  some  sense,  provides  a  measure  of  the  thinness  or  density  of  emitters  along  the  line  of  sight 
of  that  pixel. 

After  a  is  known,  the  source  spectral  radiance  function  L(X)  can  be  calculated  by  using  Eq. 
(8)  and  this,  in  turn,  is  used  to  calculate  in-band  total  radiance  for  the  plume  data  in  various  filter 
bandpasses.  All  the  radiometric  values  presented  in  this  paper  can  be  obtained  from  the  source 
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function  L(X)  defined  by  Eqs.  (8)  and  (11).  The  value.s  for  P^/t  and  P*'/t,  obtained  as  an  average  for 
the  brightest  pixel  over  several  frames  for  the  Nihka  plume,  are  given  in  Table  9. 


Table  9  -  Fhotoevents  per  Second  from  Nihka  Plume  and  Reference 
Spectrum  Model  for  Brightest  Pixel  and  Ratios  of  These  Values 


Filter 

Rk'T 

PklX 

o.k 

(PFVs) 

(PE/s) 

Plume  PC-1 

5.29 

1.81  X  103 

2.92  X  10-3 

3.6  Centroid  Wavelength  Determination 

The  procedure  above  yields  a  function  UX)  describing  the  amplitude  of  the  spectral  shape 
that  corresponds  to  the  observed  number  of  photoevents.  Describing  this  function  with  a  single 
numerical  value  is  difficult  because  of  the  extremely  rapid  variation  of  the  spectral  radiances  evident 
in  Figs.  31,  32,  and  33  (found  in  Section  4).  It  is  sometimes  desirable  to  provide  single  numerical 
values  of  plume  spectral  radiance  and  spectral  radiant  intensity  despite  this  rapid  variation.  This  is 
achieved  simply  by  taking  L{X)  of  Eq.  (8)  at  a  specific  characteristic  wavelength  X^  for  each  filter 
passband.  This  might  have  been  selected  to  be  the  center  of  each  filter  passband,  but  this  choice 
would  neglect  the  shift  in  the  effective  response  resulting  from  the  spectrally  varying  source.  A 
response  centroid  wavelength,  weighted  by  the  reference  spectral  function,  was  defined: 

Xc=  1  X2R(X)Q(X)d)J  \  XR(X)Q(X)dX.  (12) 

This  describes  the  wavelength  of  average  contribution  to  the  nVPl  response  for  each  filter. 
These  centroid  wavelengths  were  computed  for  various  spectral  shapes  and  are  shown  in  Table  10. 
The  integrals  of  Eq.  (12)  have  been  evaluated  as  discrete  summations  over  the  range  of  (2(X)  that  is 
not  negligible.  The  numbers  in  parentheses  under  the  exact  reference  spectrum  values  are  the 
rounded  values  that  are  actually  used  throughout  this  report. 


Table  10  -  Centroid  W'avelength,  X^,  for  Various  Spectra 


PC-1 

Tracker  I 

(nm) 

(nm)  1 

282.4 

279.2 

409.7 

279  1 

.2  89  4 

(rounJed) 

.'280. 

(390; 

Flat  spectrum 

270.7 

369  5 

1  Peak  normalized  I  270.0 

355  0 

Defining  is  simply  a  means  of  selecting  a  nominal  characteristic  wavelength  for  describing 
the  result  of  the  fitting  of  the  spectral  shape  to  the  instrument  measurement  as  single  numerical 
values.  Other  procedures  might  have  been  used  for  selecting  a  reference  wavelength  to  de.scribe  the 
spectral  radiance  function,  One  might,  for  example,  have  taken  the  central  wavelength  for  each  filter 
and  cited  the  numerical  value  of  the  fit  function  at  those  wavelengths.  This  would  yield  different 
valuer,  for  the  nominal  spectral  '•adiances  w  ithout  changing  the  function  IaX)  at  all.  In  short,  these 
single  numerical  values  foi  the  npidly  varying  spectral  radiometric  parameters  must  be  treated  with 
caution. 


lACE/UVPI:  Nihica 
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3.7  Calculations  of  Radiance  and  Radiant  Intensity 


After  the  spectral  radiance  is  known,  the  spectral  integrals  can  be  evaluated  to  obtain  values 
for  the  radiance: 


Aj. 

L,  H  ^L{X)d?.  =  a^R{X)dX. 

Xl  a. 


(13) 


The  units  of  Lg  are  (power)/(area){solid  angle),  or  W/m^-sr.  The  evaluation  of  these  integrals  is 
limited  to  the  nominal  bandwidth  of  the  pertinent  filter.  Note  that  the  integrand  of  Eq.  (13)  does  not 
include  the  response  function  Q(X)  and,  therefore,  does  not  become  small  outside  the  filter  passbands 
The  values  obtained  for  Lg  depend  very  strongly  on  the  limits  of  integration. 

Conversion  to  radiant  intensity  can  be  achieved  from  the  preceding  expressions  by 
multiplying  by  RXQ.J,,  where  R  is  the  range  to  the  source  and  is  the  pixel  field  of  view.  This  is  then 
summed  over  the  pixels  containing  signal.  The  result  is  equivalent  to  summing  the  apparent  radiance 
or  spectral  radiance  over  the  projected  pixel  area  and  attributing  it  to  a  point  source  within  the  field 
of  view  of  the  pixel.  The  spectral  radiant  intensity  /(X)  and  the  radiant  intensity  /,.  can  be  obtained 
directly  from  the  corresponding  expressions  for  the  spectral  radiance  and  radiance,  Eq.  (8)  and  Eq. 
(13),  respectively: 

/(X)  =  R’^QpLCK)  =  /?2Qpa/?(X),  (14) 

and 

^t. 

jia)d?.  =  R-Q^L,.  (15) 

At 


The  units  of  /(X)  are  (power)/(spectral  bandwidth)(solid  angle),  or  W/nm-sr,  and  the  units  of  lg 
are  (power)/(solid  angle),  or  W/sr.  As  with  the  radiance,  the  radiant  intensity  is  an  integral  across  a 
limited  portion  of  the  spectrum  defined  by  the  nominal  filter  edges.  The  value  so  obtained  is  far 
smaller  than  that  for  the  full-spectrum  radiant  intensity.  It  will  also  be  very  sensitive  to  the  limits  of 
integration  chosen  for  Eq.  (15). 

3.8  Summary  of  Radiometric  Conversion  Constants 


Table  1 1  summarizes  the  definitions  of  conversion  constants  most  often  encountered  in 
calculating  one  radiometric  quantity  from  another,  fable  12  gives  the  specific  values  for  the 
conversion  constants  based  on  the  assumed  reference  spectrum.  Any  revised  spectral  shape 
assumption  will  lead  to  a  different  set  of  conversion  constants.  Table  13  lists  the  radiometric  values 
corresponding  to  one  photoevent  per  second.  The  radiant  intensity  values  refer  to  a  range  of  500  km. 
The  values  of  the  spectral  radiance  L{Xg)  and  the  radiance  Lg  arc  based  on  a  single  photoevent  per 
.second  per  pixel.  Any  arbitrary  number  of  photoevents  measured  in  a  particular  pixel  is  multiplied 
by  the  value  in  the  table  to  determine  the  radiance  of  the  source  in  that  pixel's  field  of  view.  The 
valuc.s  of  the  spectral  radiant  intensity  /(X^.)  and  radiant  intensity  Ig  are  per  pixel,  even  though  these 
terms  are  used  more  often  to  refer  to  the  total  number  of  photoevents  measured  in  the  entire  plume 
image. 


Note  that  the  conversion  constants  associated  with  /(X^)  and  lAK^-)  use  the  rounded  reference 
spectrum  cei.'.oid  wavelength  values  shown  in  parentheses  in  Table  10. 
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Table  1 1  -  Summary  of  Formulas  Defining  Conversion  Constants 


From 

To 

Operation 

Formula 

Pjt/X  (phoioevents/s) 

4.n  (photons/s) 

*ci 

^  _  U/?(AyA 
'  jA/;(A)(2(A)r/A 

4>in  (photons/s) 

Pin  (W) 

*C2 

^  _hclR{X)dk 
^  ^XR{X)dX 

/’in(W) 

Ig  (W/sr) 

^C3 

c,  =  aJr' 

Lg  OV/sr-cm2) 

Ig  (W/sr) 

L(Xc)  (W/cm2-sr-nm) 
liXg)  (W/sr-nm) 

+C4 

^  lXL{X)dX 

L{X,) 

Ig  (W/sr) 

I(kg)  (W/sr-nm) 

Lg  (W/cm2-sr) 

L(Xg)  (W/cm2-sr-nm) 

+C5 

Table  12  -  Conversion  Constants  for  the  Reference  Spectrum 


Constant 

Units 

PC! 

(A<^  =  280  nm) 

Tracker 
(Xg  =  390  nm) 

Cl 

photons/PE 

1510 

66.2 

C2 

joules/photon 

6.61  X  10'9 

5.11  X  10->9 

C3 

steradians 

3.!2xl0-!4  i  3.12x10-'^ 

C4 

nm 

150.2  i  125.2 

Cs 

cm2 

30.6  X  10*  !  6507  x  10^ 

Table  13  -  Radiometric  Values  for  One  Photoevent  Per  Second 


Units 

PC-1 

(Af  =  280  nm) 

Tracker 
{Xg  =  390  nm) 

P^jl  (photoevents/s) 

1 

1 

ijijn  (photons/s) 

1510 

66.2 

Pin  (W) 

9.95  X  10- >6 

3.38  X  10->7 

lg  (W/sr) 

3.17  X  10-2 

1.08  X  10-3 

l(Xg)  (W/sr-nm) 

2.11  X  10“^ 

8.60  X  10-6 

Lg  (W/sr-cm2) 

1.04  X  10-7 

1.66  X  10- H 

Li,Xg)  (W/sr-cm2-nm) 

6.90  X  10- >0 

1.32  X  10-13 

4.0  PLUME  DATA 

In  this  section  the  observed  plume  data  are  presented.  The  data  interval  u.sed  in  this  report  is 
defined  in  4.1,  and  an  overview  of  the  intensity  history  for  each  camera  is  given  in  4.2.  Examples  of 
single-plume  camera  images  are  given  in  4.3.  Composite  images  with  corresponding  contour  plots 
for  the  defined  data  interval  for  the  plume  and  tracker  cameras  are  presented  in  4.4  and  4.5, 
respectively.  Subsection  4.6  discusses  the  error  in  the  radiometric  observations.  The  concluding 
subsection,  4.7,  discusses  the  noise-equivalent  radiance  for  the  UVPI. 


LACFJUVPt:  NihVxi 


4.1  Data  Collection  Interval 

4.1.1  Description 

Table  14  summarize.s  the  Nihka  data  collection  interval  used  in  this  report.  Also  included  are 
the  number  of  plume  camca  images  and  tracker  camera  images  analyzed.  Table  15  reports 
important  calibration  parameters  associated  with  the  interval.  The  UVPI-Nihka  range  is  used  to 
determine  source  radiant  intensity,  as  discussed  in  4.2.  The  image  angle  variation  associated  with  a 
sequence  of  frames  is  a  measure  of  the  variation  in  plume  image  axis  orientation  with  respect  to  TV 
lines  in  the  image  display.  This  parameter  is  relevant  to  the  spatial  analysis  presented  in  Section  5.0. 


Table  14  -  Definition  of  the  Data  Interval 


GMT 

Plume  Camera 
Filter 

MiliM 

IHSBHi 

HBBIOH 

7:07:15.03- 

7:07:22.24 

185.0- 

192.9 

PC-t  1  11603- 

!  11810 

-  _ 

96  i  40 

i 

Table  15  -  Parameters  Associated  with  the  Data  Interval 


Plume  Camera  j 

Bandpass 

plume  to 

UVPl-  Nihka 

Image  Angle 

Filter  I 

(nm) 

Tracker  Ratio 

Range 

Variation 

1 

(km) 

(deg) 

PC-1  1 

1 

220-320 
_ 1 

8:2 

450.7 

12.1 

The  Nihka  plume  was  first  observed  in  the  plume  camera  around  frame  1 1500.  Because  of 
gain  changes  and  ensuing  transients  in  the  plume  camera,  data  analysis  was  limited  to  the  interval 
summarized  in  Table  14.  Approximately  3.2  s  of  filter  1  data  were  collected  during  this  time. 
Analysis  of  tracker-camera  data  was  restricted  to  the  same  interval. 

4.1.2  Calibration  Parameters  Associated  with  the  Data  Interval 

Appendix  B  provides  basic  camera  parameters  pertinent  to  the  radiometric  calibration  of  the 
data  for  all  frames  during  which  the  Nihka  was  observed.  Parameters  provided  include  time,  telemetry 
frame  number,  gain  level  for  both  cameras,  and  exposure  time  for  both  cameras.  The  piume  camera 
has  a  constant  '/30th  of  a  second  exposure  time  for  each  frame.  The  tracker  camera  has  an  electronic 
gate  that  can  vary  the  exposure  time  to  a  maximum  of  '/JOth  of  a  second.  Figure  29  shows  the  camera 
gain  levels  for  both  tracker  and  plume  cameras.  Figure  30  shows  exposure  time  for  both  cameras  as  a 
function  of  telemetry  frame  number.  Reference  1  provides  additional  information  used  for 
radiometric  calibration. 

4.2  Intensity  History  Overview 

As  a  quick  overview.  Figs.  31  and  32  show  plume-camera  long-term  trends  in  the  central 
region  and  total  spectral  radiant  intensity,  respectively.  The  values  plotted  were  derived  by  assuming 
the  reference  spectral  shape.  Figure  33  shows  similar  results  for  the  tracker-camera  total  spectral 
radiant  intensity  in  a  19  by  19  pixel  region  containing  the  plume-camera  field  of  view.  F('r  these 
figures,  all  curves  specify  spectral  radiant  intensity  at  the  reference  centroid  wavelength  fm  each 
interval.  Note  that  both  the  plume  and  the  tracker  camera  total  radiant  inten'^ities  show  pronounced 
upward  trends.  Ihis  trend  is  much  less  pronounced  in  the  plume  central  region  spectral  radiant 
intensity  The  fact  ihai  ihe  upwmd  iiciid  i.>  greater  in  the  plume  camera  than  in  the  tracker  c;imera 
total  spectral  radiant  intensity,  roughly  509(7  vs  20%,  can  be  interpreted  to  mean  that  the  increasing 
emission  is  peaked  in  the  far-UV  rather  than  the  ncar-UV  or  visible. 
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Fig.  29  -  Tracker  and  plume  camera  gain 
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Fig.  30  -  Tracker  and  plume  camera  expo.surc  times 
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Fig.  31  -  Spectral  radiant  intensity,  plume  camera,  central  Fig  32  -  Spectral  radiant  intensity,  plume  camera,  total 
region 
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Fig  33  -  Spectral  radiant  intensity,  tracker  earner.! 
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4.3  Single  Images 

Thi.s  .subsection  ptesent.s  raw  plume  image  data.  Given  the  characteristics  of  the  UVPl 
cameras,  e.g.,  exposure  time,  optics  aperture,  and  the  rocket  plume  radiant  intensity,  the  number  of 
photoevents  that  are  registered  within  the  focal  plane  array  of  a  camera  can  be  individually  counted 
as  isolated  events.  In  this  respect,  UVPI  can  be  used  as  a  photon-counting  instrument. 

Figure  34  shows  single  images,  in  zoom  image  transmission  rate,  of  the  Nihka  burn.  Pixel 
radiance  is  encoded  as  image  brightness,  where  dark  and  bright  are,  respectively,  relatively  smaller 
and  larger  radiance.  The  images  demonstrate  that  the  shapes  of  the  plume  central  region  and  outer 
region  are  not  necessarily  clearly  delineated  in  a  single  frame. 


Fig.  34  -  Single  unprocessed  plume  camera  images  of  the  Nihka  plume 

Every  bright  spot  on  the  image  corresponds  to  one  or  more  photoevents  that  pile  up  at  that 
particular  pixel  during  the  exposure  time  of  the  camera.  Figure  35  illustrates  the  number  of 
photoevents  per  second  measured  at  each  pixel  location  m  the  center  64  by  64  pixels  of  the  lower- 
left-corner  image  shown  in  Fig.  34.  The  c  axis  corresponds  to  the  number  of  photocverits  per  second 
while  the  .v  and  y  axes  correspond  to  row  and  column  indices.  Ihc  actual  procedure  used  to  compute 
the  number  of  photoevents  from  the  measured  digital  number  in  the  UV’Pl  telemetry  stream  was 
discussed  in  Section  3  and  in  Ref.  1. 
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Fig.  35  •  Single  image  of  the  Nihka  plume 


4.4  Composite  Plume  Camera  Images  and  Contour  Plots 

In  this  subsection  a  composite  plume-camera  image  and  its  corresponding  contour  plot  are 
presented,  showing  the  spatial  distribution  of  the  time-averaged  plume  radiance.  The  composite 
image  is  made  from  calibrated  versions  of  images  formed  while  observing  the  Nihka  during  the  data 
interval  summarized  in  Table  14  of  Section  4.  As  explained  in  Section  3,  the  reference  emission 
spectrum  is  assumed  to  convert  UVPl  measurements  into  units  of  radiance,  i.e.,  W/sr-cm^.  The  plume- 
to-tracker  image  ratio  is  8:2,  and  the  exposure  time  for  individual  plume  camera  images  is  '/30ih  of  a 
second.  Many  individual  images  are  .superposed  to  form  the  composite  image. 

The  limiting  resolution  of  the  UVPl  cameras  is  described  by  the  point  spread  function. 
Observation  of  a  ground-based  beacon,  a  source  less  than  5  m  across,  shows  that  the  full-width-half¬ 
maximum  of  the  point  source  response  in  the  plume  camera  is  about  9  pixels,  or  about  90  prad, 
which  is  equivalent  to  40  m  at  a  450-km  range.  Figure  36  shows  a  plume-camera  image  of  the 
beacon  on  the  same  scale  as  the  plume  image  that  follows.  This  is  representative  of  the  plume 
camera’s  point  spread  function.  Figure  37  shows  the  contour  plot  for  the  ground  beacon,  a  point 
source,  on  the  same  scale  as  Fig.  38  Figure  37  shows  the  resolution  of  the  plume  camera  contour 
plots  that  result  from  the  point  spread  function. 

Figure  38  shows  the  calibrated  plume-camera  PC-1  composite  image  acquired  during  the 
interval  defined  in  Table  14  of  Section  4  In  this  image  the  radiant  intensity  has  been  mapped  to  a 
false-color  scale,  with  black  representing  the  highest  intensity,  light  blue  the  middle  intensity,  and 
white  the  lowest  intensity.  A  horizontal  color  bar  depicting  the  mapping  of  radiant  intensity  into 
colors  is  shown  on  the  lower  left  comer.  A  histogram  of  the  image  intensity  values  is  shown  above  the 
color  bar  in  the  form  of  dark  dots. 

Figure  39  shows  the  contour  plot  for  the  data  interval.  The  black,  blue,  and  red  contours 
represent,  respectively,  plume  radiance  contours  at  9595;,  50%,  and  9.5%  of  the  maximum  radiance  in 
the  image.  The  radiance  units  are  watts  per  steradian  per  square  centimeter,  and  the  horizontal  and 
vertical  axes  are  scaled  in  meters. 
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Fig  36  -  Plume  camera  image  of  ground-based  beacon  illusitating  the  point  spread  function 


LACE/UVP!:  Nihka 


I 

I 

I 


Rou  f^xis  Cmetprs'* 

I  =€.095*wax  I  =8.5B*fiax  i  =0.95*fiax 


Observing  sensor: 

UVPI 

Target  observed: 

UVPI  ground-based  beacon 

Orbit: 

1173 

Range  of  frames  used: 

12778-12778 

Camera: 

Plume 

Average  range  (km): 

450 

Fig  37  -  Plume  camera  contour  plot  for  ground-based  beacon 
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Fig.  38  -  Composite  plume-camera  image 
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Fig.  39  -  Plume  camera  contour  plot 
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Because  of  the  UVPI’s  dynamic  range  of  256  levels  in  the  analog-to-digital  converter,  it  is 
difficult  to  get  well-defined  plume  contours  at  levels  below  9.5%  of  the  maximum  radiance  unless  a 
large  number  of  images  are  superposed.  With  each  picture  or  plot,  a  companion  summary  table 
provides  relevant  information  for  the  quantitative  interpretation  of  the  image  or  plot.  The  parameters 
presented  in  these  tables  are  described  in  Table  16. 


Table  16  -  Basic  Parameters 


Aspect  angle 

Angle,  in  degrees,  between  the  line  of  sight  and  the  rocket  body  longitudinal  vector 

Average  range 

Average  distance,  in  kilometers,  between  UVPl  and  the  plume  target. 

tl^amera 

Camera  used,  cither  tracker  or  plume. 

Displayed  image  size 

Size  in  pixels  (picture  elements)  of  the  image  being  displayed. 

Number  of  images  averaged  together  to  generate  the  composite  image  Because  of  the  trackcr- 
lo-plume  image  ratio,  this  numter  is  not  equal  to  the  number  of  frames  in  the  range. 

Projected  pixel  dimensions,  in  meters,  at  target  range  This  number  does  not  account  for  any 
spreading  introduced  by  the  optics  or  jitter  since  it  incorporates  only  the  instantaneous  field  of 
view. 

P.angc  of  frames  containing  the  set  of  tracker  or  plume  camera  images  superposed 

Spectral  band 

Spectral  band,  in  nanometers,  covered  by  all  images  within  the  set  This  band  includes  more 
than  99%  of  the  net  quantum  efficiency  response  curve. 

Target  observed 

Nihka 

Total  photoevenis/s 

Sum  of  all  photoevent-per-second  pixel  values  over  the  specified  region  of  the  focal  plane. 

Radiant  intensity  associated  with  total  photoevents  pet  second. 

Spectral  radiant  intensity  at  the  specified  centroid  wavelength  associated  with  the  total 
photocvcnis  per  second. 

Apparent  radiance  measured  at  the  brightest  pixel  in  an  image.  Because  of  the  size  and 
structure  of  UVPI's  point  spread  function,  the  value  given  is  not  likely  to  be  a  good  measure  of 
the  true  peak  radiance  at  the  souree.  The  value  is  useful  for  rough  comparisons  and  order-of- 
magnitude  estimates. 

Apparent  peak  spectral 
radiance  (pW/sr-cm^-pm) 

Apparent  spectral  radiance  at  the  specified  centroid  wavelength  measured  at  Cie  brightest  pixel 
in  an  image.  Because  of  the  size  and  structure  of  UVPI's  point  spread  function,  the  value  given 
is  lik-ly  not  to  be  a  good  measure  of  the  true  peak  spectral  radiance  at  the  source.  The  value  is 
useful  for  rough  comparisons  and  order-of-magnitude  estimates 

Total  error  associated  with  the  above  radiometric  values.  This  error  includes  gain  conversion 
factor  error  and  the  error  attributable  to  photon  shot  noise  and  detector  noise.  The  error 
estimate  is  based  on  the  total  number  of  images  superposed.  See  Section  4.6  for  in-depth 
discussion. 

Table  17  shows  the  maximum  apparent  pixel  radiance  measured  for  the  brightest  pixel  and 
also  the  apparent  peak  spectral  radiance  reported  at  the  specified  centroid  wavelength.  The  values 
given  are  primarily  useful  for  rough  comparisons  and  order-of-magnitude  estimates  due  to  the  size 
and  structure  of  UVPI’s  point  spread  function.  Estimates  of  true  source  peak  radiance  require  further 
analysis.  A  comparison  of  UVPl  apparent  radiance  measurements  with  CHARM  1 .3  code  predictions 
is  presented  in  Section  5.3. 


Table  17  -  Plume  Camera  Apparent  Peak  Radiometric  Values 


Filter 

Apparent  Peak 
Radiance 

()iW/5r-cni2) 

Apparent  Peak  Spectral 
Radiance 
(^W/sr-cm2.)im) 

Centroid  Wavelength 
(nm) 

PC-“ 

HXExnaH 

3.65 

280 

During  the  data  interval  the  apparent  rocket  velocity  vector  changes  slightly.  The  velocity  is 
directed  out  of  the  page  towards  the  viewer  at  an  angle  that  is  the  complement  of  the  aspect  angle 
shown  in  Fig.  8.  Over  the  observation  period,  the  direction  of  the  rocket  velocity  vector  projected  on 
the  image  plane  changed  by  12.07''.  The  mean  direction  of  the  motion  is  given  in  Table  18. 
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Table  18  -  Apparent  Velocity  Vector  Direction  During  Observation 


Filter 

Mean  Direction  of  Motion  Relative 
to  Tracker  Camera  X  Axis 

Change  in  Direction 

PC-1 

-53.5'= 

12.07° 

4.5  Calibrated  Tracker  Camera  Images 

While  the  plume  camera  gat*^  -ocket  plume  images,  the  tracker  camera  gathered  images  at 

a  lower  rate  because  of  the  plumt  ker  image  ratio.  The  tracker  camera’s  exposure  time  was 

9.66  ms  during  the  data  interv? 

The  limiting  resolution  of  t.ie  UVPI  cameras  is  described  by  the  point  spread  function. 
Observation  of  the  ground-based  beacon,  a  source  less  than  5  m  across,  showed  that  the  full-width- 
half-maximum  of  the  point  source  response  in  the  tracker  camera  is  about  1.5  pixels,  or  about  230 
prad.  This  is  equivalent  to  104  m  at  450-km  range.  Figure  40  is  a  tracker  camera  contour  plot  of  the 
ground-based  beacon.  This  is  representative  of  the  tracker  camera’s  point  spread  function  and  can  be 
compared  with  the  tracker  camera  contour  plot  shown  in  Fig.  41.  Figure  42  shows  a  tracker  camera 
image  of  the  ground-based  beacon  on  the  same  scale  as  the  composite  tracker-camera  image  shown 
in  Fig.  43. 
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Fig.  40  -  Tracker  camera  contour  plot  for  ground-based  beacon 


LACEj'UVPI:  Ntitka 


4  1 


Co  1  umn  fHx  1  s <  Km  )  <  X  1  0  ““  > 

nax=6 .4ii4/sr-Gn2 

I  =8.695«fiax  I  =0.58*fiax  i  =€.95»tiax 


Observing  sensor: 

UVPI  (Aug.  25,  1990) 

Target  observed: 

Nihka 

Range  of  frames  used: 

11603-11810 

Number  of  superposed  images: 

40 

Camera: 

Tracker 

Spectral  band  (nm): 

255-450 

Displayed  image  size  (km|: 

2  (vertical)  x  2  (horizontal) 

Average  range  (km): 

450.7 

Pixel  footprint  (m)  @  range: 

64.4  (vertical)  x  82.0  (horizontal) 

Aspect  angle  (deg): 

56.7 

•Pbotoevents/s: 

2.44  X  104 

4.04  X  10-1 

^Apparent  peak  spectral  radiance 
@  390  nm  (|iW/sr-cm2-p.m): 

3.22 

*For  brigluesi  pixel. 


Fig  41  -  Tracker  camera  contour  ploi 
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Fig.  42  ■  Tracker  camera  image  of  ground-based  beacon  illustrating  the  point  spread  function 
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Fig  43  ■  Composite  tracker  camera  image 
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With  each  picture  or  plot  a  companion  summary  table  provides  relevant  information  for 
quantitative  interpretation.  The  parameters  presented  in  these  tables  are  described  in  Table  16. 
Radiometric  values  reported  in  the  table  accompanying  each  figure  are  for  the  central  19  by  19 
pixels  of  the  tracker  camera.  This  field  of  view  approximately  matches  the  total  field  of  view  of  the 
plume  caineia  It  contains  the  plume  central  region  and  a  portion  of  the  outer  region.  Therefore,  it 
cannot  reliably  be  converted  to  radiant  intensity  or  spectral  radiant  intensity.  However,  to  provide 
estimates  of  the  radiant  intensity  and  spectral  radiant  intensity,  values  based  on  reference  spectral 
energy  distribution  assumptions  are  reported  for  the  tracker  camera  observations.  These  results  have 
been  reduced  by  16.3%  to  account  for  red  leakage  in  the  tracker-camera  filter. 

4.6  Error  Analysis  for  Radiometric  Observations 

The  complete  estimate  of  the  error  in  determining  radiometric  values  from  the  digital 
numbers  reported  by  the  UVPI  cameras  observing  a  rocket  plume  is  composed  of  two  cuinponents: 
measurement  noise,  summarized  in  4.6.1,  which  includes  photon  shot  noise  and  other  intrinsic  sensor 
noise  sources;  and  calibration  error  (summarized  in  4.6.2),  which  is  the  error  contained  in  the.  gain 
conversion  factor.  Section  <>.6.3  summarizes  the  calculation  of  the  total  error  based  on  the  error 
components  presented  in  4.6.1  and  4.6  2.  Detailed  discussions  of  error  estimates  are  found  in  Ref  1. 

4.6.1  Error  Resultirig  from  Measurement  Noise 

As  a  result  of  photon  shot  noise,  the  error  in  the  calculated  number  of  photoevents  changes  as 
a  function  of  the  plume  radiant  intensity,  which  could  change  as  a  function  of  time.  This  error 
analysis  assumes  that  the  radiant  intensity  statistics  are  not  affected  by  a  small  shift  in  time.  A  window 
size  of  15  consecutive  images  was  selected  for  the  statistical  analysis  of  the  plume-camera  data,  and  a 
window  of  15  consecutive  images  was  selected  for  the  tracker-camera  analysis.  A  larger  time  window 
could  be  used  but  with  the  risk  of  making  the  locally  constant  ussutnp'.ion  invalid. 

Given  the  number  of  photoevents  as  a  function  of  image,  the  following  quantities  are  defined: 

M  -  number  of  images  in  data  interval, 

N  -  number  of  images  used  within  the  window, 

H,  -  local  mean  over  N  images  around  ith  image, 

a,  -  local  standard  deviation  around  ith  image, 

ti  -  3.l0j  +  pi,  detection  threshold, 

e,  -  O  i  /pi,  local  error  around  the  ith  image, 

Gg  -  gain  conversion  factor  for  gain  step  g,  in  units  of  sensor  output  per  photoevent, 

ei/C  -  error  in  l/G^. 

tN  -  average  local  error  in  the  measured  number, 

£/v  =  I  (  ).  (16) 

Cm  -  upper  bound  error  in  the  measured  number  for  the  case  of  M  averaged  images. 


e 


u 


max  (f-i) 

4m 


,  over  all  i. 


(17) 


To  prevent  extreme  values  from  affecting  the  local  statistics,  the  maximum  and  minimum 
values  within  the  N  window  samples  were  rejected.  That  is,  only  N-2  images  were  used  for  the  local 
mean  and  local  standard  deviation  computation.  Under  the  assumption  that  the  mean  radiant  intensity 
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is  high  enough  for  the  radiant  intensity  fluctuations  to  be  modeled  by  a  gaussian  distribution,  the 
probability  of  exceeding  the  threshold  r,  is  no  more  than  0.001. 

Table  19  lists  Af,  the  number  of  image''  averaged,  and  the  error  caused  by  measurement  in 
the  val'ues  averaged  over  the  window  that  consists  of  N  images.  There  are  three  columns  of  eyv  values 
corresponding  to  plume-camera  centra!  region  measurements,  plume  camera  central  region  plus 
outer  region,  and  tracker  camera  19  by  19  pixel  field  of  view.  The  '9  by  19  tracker-camera  pixels 
approximately  cover  the  full  field  of  view  of  the  plume  camera.  The  central  region  and  outer  region 
as  used  in  this  report  are  defined  in  Section  5.1. 


I 


Table  19  -  Percent  Error  per  Image  Resulting  frf>m  Measurement  Noise,  e/v 


IH^H 

Plume  Camera  Central 
Region  +  Outer  Region 

Tracker  Camera 

19  X  19 

96 

34.3 

20.0 

6.28 

4.6.2  Error  in  Gain  Conversion  Factor 

The  gain  conversion  factor  Gg  derived  from  on-orbit  calibration  [1],  is  based  on  calibration 
star  measurements.  On  the  basis  of  measurements  of  several  calibration  stars  over  the  full  set  of  UVPI 
camera  gains,  an  estimate  of  error  associated  with  Gg  can  be  obtained  for  each  camera  configuration 
by  calculating  the  deviations  of  individual  calibiaUbn  star  measurements  about  a  mean  calibration 
curve. 


Table  20  tabulates  the  error  associated  with  the  gain  conversion  factor  for  the  plume  and 
tracker  cameras.  The  average  deviation  is  a  good  error  estimate;  the  maximum  deviation  gives  a 
worst-case  estimate. 


Table  20  -  Error  in  l/Gg  for  Tracker  and  Plume  Cameras 


Camera/Filter 

Average  Deviation 
from  Mean 

Calibration  Curve  (%) 

Maximum  Deviation 
from  Mean 

Calibration  Curve  (%) 

Tracker 

15.6 

17.3 

Plume,  PC-1 

10.5 

33.3 

Plume,  PC  2 

15  9 

25.2 

Plume,  PC-3 

9.9 

24.7 

Plume,  PC-4 

13.5 

26.0 

4.6.3  Calculation  of  Total  Error 

The  estimated  total  calibration  error  depends  on  ihe  number  of  images  averaged  together,  M. 
In  this  report  the  total  error  is  defined  as  the  ratio  of  the  .standard  deviations  of  the  number  of 
photoevents  to  the  mean  value  of  the  number  of  photoevents.  Assuming  that  the  digital  number 
reported  by  UVPI  for  a  calibration  star  and  the  gain  conversion  factor  Gg  are  uncorrelated,  or  weakly 
correlated,  then  the  total  er.''or  per  image  e/.  can  be  obtained  from  the  relation  (15]: 

Ef  =  Ve2,v*e2|/c +  e2_v+  e2,/c,  (18) 
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where  e,v  is  the  average  local  error  in  the  number  of  measured  photoevents  presented  in  Table  19  and 
ei/c  is  the  error  in  the  gain  conversion  factor  tabulated  in  Table  20. 

bor  the  case  of  M  averaged  images,  an  upper  bound  estimate  of  the  total  error  is  given  by 

£r  =  -v/  •  e^i/c  +  £^14+  e2i/g.  (19) 


Notice  that  £7-  can  never  be  smaller  than  no  matter  how  many  images  are  averaged  together. 


Table  21  summarizes  the  overall  error  analysis  results  for  the  plume  central  region  radiant 
intensities.  The  first  column  contains  the  number  of  images  within  the  data  interval.  The  column 
under  the  K  heading  contains  the  ratio  of  the  average  standard  deviation  of  photoevents  to  the  square 
root  of  the  average  number  of  photoevents,  i.e.. 


(20) 


Table  21  -  Plume  Central  Region  Radiometric  Percent  Errors  for  Plume  Cam.era 


1  M 

K  1 

£7 

I  96 

1.35  1  36.1 

11.5 

Under  the  assumption  that  the  signal  is  not  changing  rapidly  in  time,  K  relates  the  measured 
noise  to  the  theoretical  performance  of  a  background-limited  system,  where  the  dominant  .source  of 
noise  is  shot  noise.  A  ratio  of  /(  =  1  implies  pure  background-limited  performance.  Hence,  the  values 
obtained  indicate  that  although  UVPI  is  close  to  background-limited  performance,  other  sources  of 
sensor  noise  are  present. 

The  third  and  fourth  columns  show,  respectively,  the  total  percent  error  on  an  image-by¬ 
image  basis  and  the  total  percent  error  resulting  after  averaging  all  M  images. 

Similar  to  Table  21,  Tables  22  and  23  show,  respectively,  the  radiant  intensity  errors  for  the 
total  plume  camera  field  of  view  and  those  for  the  19  by  19  tracker  camera  pixels  that  overlay  the 
plume  camera  field  of  view. 


Table  22  -  Central  Region  Plus  Outer  Region  Radiometric  Percent  Errors  for  Plume  Camera 


1  M  i  A" 

Ef 

£7 

[  96  1  1.25 

22.7 

11.5 

Table  23  -  Radiometric  Percent  Errors;  Tracker  Camera  Over  19  x  19  Pixel  Window 


1  M  1  A* 

tF”  1  Er' 

40  1  2.96 

16.8  1  15.8 

•Nol  redlcak-corrccicd 


Table  24  lists  £y  for  the  plume  camera  observing  the  centra!  region  only,  for  the  plume 
camera  observing  the  central  region  and  the  outer  region,  and  for  the  19  by  19  pixel  field  in  the 
tracker  camera  that  corresponds  to  the  full  plume-camera  field  of  view. 
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Table  24  -  Total  Radiometric  Percent  Errors,  e-p 


j  Plume  Camera 

1  Central  Region 

Plume  Camera  Central 
Region  +  Outer  Region 

Tracker  Camera 

19  X  19* 

f  11.5 

11.5  15.8  1 

•Not  redlcak-corrected 


4.7  Noi.se'Equivalent  Radiance 

Following  the  noise-equivalent  radiance  (NER)  definition  given  in  the  Infrared  Handbook 
[16],  the  UVPI  NER  is  defined  as  the  source  radiance  level  that  will  result  in  a  signal-to-noise  ratio  of 
1  at  the  output  of  a  single  pixel.  The  NER  can  be  interpreted  as  the  sensitivity  limit  for  an  imaging 
system.  For  UVPI,  a  single  NER  number  does  not  fully  characterize  the  sensitivity  of  the  system  since 
Jiis  is  a  function  of  integration  time,  spectral  filter,  camera  gain  level,  number  of  images  superposed, 
and  the  assumed  source  spectrum. 

The  following  discussion  is  based  on  empirical  estimates  of  the  signal  and  noise  within  the 
UVPI  cameras  as  opposed  to  a  theoretical  discussion.  Reference  17  provides  a  theoretical  expression 
for  the  signal-power  to  noise-power  ratio  applicable  to  the  microchannel  plate  image  intensifier  of  the 
UVPI.  A  single  pixel  in  the  plume  or  tracker  camera  can  be  treated  as  a  photoevent  counting  device. 
The  signal-to-noise  ratio  (SNR)  definition  from  which  the  empirical  UVPl  NER  is  derived  is 

(SNR)2  =  (21) 


where 

M  is  the  number  of  images  superposed.  This  affects  the  effective  integration  time. 

S  is  the  mean  number  of  signal-related  photoevents  collected  in  a  pixel  during  the 
integration  time. 

N  is  the  signal-independent  noise  standard  deviation  for  a  single  pixel  in  a  single  image 
expressed  in  photoevents/pixel-image.  This  noise  source  is  constant.  When  expressed  in 
photoevents/pixel-image,  its  level  depends  on  the  camera  gain  setting  used. 

Ns  is  the  signal-dependent  photon  shot  noise  standard  deviation  in  a  pixel  during  the 
integration  time  expressed  in  photoevents/pixel-image.  Based  on  extensive 
measurements  made  on  UVPI  data,  the  signal-dependent  noise  can  be  expressed  in 
terms  of  the  mean  number  of  signal  related  photoevents  by  using  the  equation: 

Ns  =  251/2.  (22) 


Note  that  this  is  two  times  higher  than  the  photon  shot  noise  prediction. 

From  Eq,  (21)  above,  the  mean  number  of  signal-related  photoevents/pixel-image  in  a  pixel 
that  will  result  in  a  SNR  of  1  is 


S'  =  2  [l+(l+A/»A/2/4)l/2]/Af. 


(23) 


Notice  that  for  the  case  of  only  one  superposed  image,  M=\,  and  a  negligible  level  of  sensor 
noise  N,  the  resulting  sensitivity  limit  is  4  photoevents/pixel-image.  The  NER  is  related  to  S'  by  a 
multiplicative  constant  K,  i.e., 

NER  =  K»S'  =  2A:  11+(1+M«A/2/4)1/2]/a/,  (24) 


where  K  is  the  radiometric  calibration  constant  that  converts  from  photoevents/pixel-image  to  |iW/sr- 
cm2.  K  is  a  function  of  the  spectral  filter  used,  the  single  image  exposure  time,  and  the  assumed 
source  spectrum. 
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The  radiometric  sensitivity  could  also  be  improved  by  performing  spatial  averaging  at  the 
expense  of  a  lower  spatial  resolution. 

Table  25  summarizes  the  estimated  NER,  or  sensitivity  level,  for  the  plume  i^amera  under  the 
assumption  of  the  reference  spectrum.  Since,  for  the  plume  camera,  the  signal-independent  noise  is 
negligible  compared  to  the  signal-dependent  noise,  image  superposition  provides  an  increase  in 
sensitivity  that  is  linear  with  the  number  of  superposed  images. 


Table  25  -  Plume  Camera  NER  Per  Pixel  for  Data  Interval 


Filter 

NER  for  Single  Image 
(W/sr-cm7) 

Number  of  Images 
Superposed 

NER  for  Data  Interv  al 
(W/sr-cm7) 

1  PC-1  1  1.24x10-5 

96  1..30  xlO-7  1 

Table  26  summarizes  the  estimated  NER,  or  sensitivity  level,  for  the  tracker  camera  under  the 
assumption  of  the  reference  spectrum.  The  last  column  expresses  the  sensitivity  level  in  photoevents/s. 
As  opposed  to  the  plume  camera,  the  tracker  camera  signal-independent  noise  is  not  negligible,  and 
the  improvement  in  sensitivity  is  not  linear  with  the  num.ber  of  images  superposed. 


Table  26  -  Tracker  Camera  NER  Per  Pixel 


NER  for  Single 
Image  (W/sr-cm2)* 

Number  of  Images 
Superposed 

NER  for  Data 
Interval  (W/sr-cm^)* 

Minimum  Detectable  Number 
of  Photoevents/s  for 
Superposed  Images* 

9,10x10-8  1  40 

8.06  X  10-10 

48.6 

*Not  redleak-correctcd 


5.0  SPATIAL  FEATURES 

This  section  concentrates  on  the  spatial  characterization  of  the  measured  plumes.  First, 
definitions  for  the  plume  central  region  and  outer  region  are  presented.  Second,  the  plume’s  spatial 
extent  is  discussed  with  consideration  for  the  UVPI’s  point  spread  function  (PSF).  Finally,  the 
observed  plume  is  compared  to  CHARM  1.3  model  predictions. 

5.1  Delineation  of  Plume  Central  and  Outer  Regions 

Because  of  the  generally  low  signal  slalislics  in  a  single  image,  an  accurate  delinc.ation  of  the 
plume  central  or  outer  region  is  not  possible  from  a  single  image.  Hence,  an  average  of  superposed 
images  (a  composite  image)  is  used  to  define  the  plume  central  region  extent. 

Definition  of  the  central  region  was  begun  by  selecting  all  pixels  in  the  composite  image  for 
which  the  radiance  was  at  least  25%  of  the  brightest  pixel  radiance.  The  resulting  region  was 
expanded  further  by  performing  a  dilation  with  a  square  window  of  5  by  5  pixels.  By  using  this 
criterion,  the  region  defining  the  plume  central  region  is  depicted  in  Fig.  44,  The  image  on  the  left  is 
the  composite  image;  in  the  image  on  the  right,  the  corresponding  central  region  is  overlaid  as  a 
completely  white  region. 

Table  27  summarizes  the  central  region  extent  in  pixels  for  the  data  interval. 


I  Fili^ 
PC-1 


Table  27  -  Central  Region  Extent  in  Plume  Camera 
i  Central  Region  Extent  (pixels)  |  Central  Region  Extent  (m2) 

-30-t  i  756.3' 


] 
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Fig  44  -  Highlighted  plume  central  region  for  Nihka 


For  the  tracker  camera,  the  central  region  was  defined  as  all  those  pixels  that  overlap  the 
plume  camera  field  of  view.  Hence,  in  this  report,  the  central  region  for  the  tracker  camera  is  not 
defined  over  the  same  area  as  for  the  plume  camera. 

From  the  point  of  view  of  phenomenology,  an  argument  can  be  made  that  the  central  region 
definition  above  does  not  fully  contain  the  plume  core.  To  validate  the  definition  of  the  plume 
central  region,  additional  consecutive  dilation  operations  were  performed  to  force  the  defined  central 
region  to  become  larger.  As  an  example,  Fig.  45  shows  the  number  of  ohotoevents  per  image  in  the 
central  and  outer  regions  as  a  function  of  central  region  size.  A  vertical  dashed  line  illustrates  the 
central  region  size  used  in  this  report.  This  plot  can  be  used  to  scale  the  results  presented  in  this 
report  if  a  different  central  region  size  is  desired 


Fig  45  Photcevents  as  a  function  of  defined  central  region  size 
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5.2  Plume  Extent  and  Point  Spread  Function 

The  effective  UVPI  point  spread  function  (PSF)  is  defined  as  the  response  of  the  instrument 
to  a  point  source,  e.g..  a  star  or  a  ground-based  beacon.  An  understanding  of  the  UVPI  plume 
camera’s  PSF  is  critical  in  establishing  the  maximum  size  of  the  observed  Nihka  plume.  Table  28 
summarizes  the  estimated  plume  central  region  axial  length,  as  defined  from  peak  to  either  50%  or 
10%  of  peak  brightness,  'fhese  plume  length  estimates  do  not  incorporate  corrections  for  the  aspect 
angle  or  for  the  plume  camera' s  PSF. 


Table  28  -  Observed  Axial  length  of  Plume  Central  Region 


Filter 

Peak  to  50%  Maximum 
(m) 

Peak  to  10%  Maximum 
(m) 

PC-1 

40.4 

86.5 

Based  on  UVPI  data  from  many  observations,  the  plume  camera’s  PSF  depends  on  the 
observation  modality,  i.e.,  downward-looking  vs  sideward-looking.  Sideward-looking  observations 
use  the  door-mounted  mirror  but  downward-looking  observations  do  not.  The  observation  of  the 
Nihka  plume  did  not  use  the  door-mounted  mirror.  The  existing  data  for  point  .sources  indicate  that 
the  PSF  is  less  circularly  symmetric  when  using  the  door-mounted  mirror.  This  could  be  the  result  of 
jitter  in  the  door  mirror. 

Figure  46  shows  a  plume-camera  image  of  a  gro-nd-based  beacon.  Reference  1  gives  a 
scaled  version  of  the  plume  camera’s  PSF  for  the  beacon.  Figure  46  shows  a  three-dimensional  plot 
of  the  PSF  that  results  from  observation  of  the  ground-based  beacon.  For  the  ground-based  beacon, 
the  axial  length  of  the  PSF  from  peak  to  50%  of  the  peak  along  the  major  axis  is  about  4  pixels  or  20 
m  at  a  range  of  450  km.  as  shown  in  Fig.  47.  The  full-width-half-maximum  length  is  about  40  m. 


l.OOOn 


I 


Fig.  46  -  Plume  camera  PSF  for  ground-based  beacon 
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Fig.  47  -  Axial  profile  throi'gh  plurne  camera  PSF  for  ground-based  beacon 

Figure  48  is  a  profile  of  the  radiance  along  the  major  axis  of  the  plume,  measured  by  the 
plume  camera.  The  horizontal  line  corresponds  to  the  NER  sensitivity  limit  after  image  superposition. 
It  is  evident  from  this  figure  that,  after  image  superposition,  good  SNR  was  achieved. 
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Fig.  48  -  Axial  profile  along  plume  central  region,  plume  camera 
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Figure  47  is  a  tracker  camera  image  of  a  ground-based  beacon.  Reference  1  gives  a  scaled 
version  of  the  tracker  camera’s  PSF  for  the  beacon.  Figure  49  shows  a  three-dimensional  plot  of  the 
PSF  that  results  from  observation  of  the  ground-based  beacon,  and  Fig.  50  is  an  axial  profile  of  the 
beacon  as  seen  by  the  tracker  camera. 


1. 000 


too  110  120 
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Fig.  50  -  Axial  profile  through  tracker  camera  PSF  for  ground-based  beacon 


5.3  Comparison  of  Results  to  CHARM  1.3  Predictions 


This  subsection  compares  the  UVPl  measurements  to  the  predictions  provided  by  a 
theoretical  plume  model.  Research  Support  Instruments  (RSI)  (Alexandria,  Virginia)  generated  a 
CHARM  1.3  run  in  which  the  Nihka  stage  was  modeled  and  emission  in  the  PC-1  waveband  was 
summed,  by  using  input  parameters  provided  by  Grumman  Corp.  [18].  The  CHARM  1.3  input  deck 
is  included  as  Append^;  C.  The  following  basic  parameters  were  used  for  the  rin; 


Model: 
Object  modeled: 
Aspect  angle  for  data  interval; 
Horizontal  resolution; 
Vertical  resolution; 


CHARM  1.3 
Intrinsic  Core 
56° 

5.0  m 
5.0  m 
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In  RSI’s  run,  a  5  by  5  m  pixel  resolution  was  used.  To  get  a  comparison  between  the  CHARM 
1.3  predictions  and  the  CVPI  measurement,  the  CHARM  1.3  predictions  were  convolved  with  an 
estimate  of  the  UVPI’s  PSF.  A  normalized  version  of  the  ground-beacon  image.  Frame  12778,  Orbit 
1173,  was  used  as  the  best  UVPI  plume-camera  PSF  estimate. 

Figures  51  and  52  show  an  example  of  the  CHARM  1.3  prediction  convolved  with  the  UVPI 
point  spread  function  (PSF).  The  left  image  in  Fig.  51  shows  a  false-color  CHARM  1.3  image 
prediction  with  5-m  resolution  for  the  Nihka  motor,  assuming  it  is  being  observed  with  PC-l.  The 
right  image  shows  the  same  CHARM  1.3  prediction,  except  that  it  is  convolved  with  the  UVPI  point 
spread  function.  Figure  52  is  the  corresponding  contour  plot  for  the  image  prediction,  again 
assuming  UVPI  PC-1  and  convolution  with  UVPI  PSF.  For  the  Nihka  data  interval.  Fig.  53  shows:  the 
CHARM  1.3  high-resolution  prediction  of  the  plume  radiance  as  a  function  of  axial  distance:  the 
CHARM  1.3  prediction  convolved  with  the  UVPI  plume  camera  PSF;  and  a  horizontal  line  depicting 
the  interval  noise-equivalent  radiance  (NER)  of  the  plume  camera. 

The  peak  radiances  and  the  plume  lengths  for  the  CHARM  1.3  image  predictions  are  listed  in 
Tables  29  and  30. 


CHARHl.S  Prediction 
Using  S  Meter  Resolution 


CHARM  1.3  Prediction 
Using  UUPrs  PSF 


i*ax=4.48  uU/sr-cn2 

Fig  51  ■  CHARM  1.3  image  prediction  foi  PC-1  before  and  after  smearing 
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Fig.  52  -  CHARM  1.3  contour  plot  prediction  for  PC-1  after  smearing 
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Fig.  53  -  CHARM  1.3  predicted  axial  profile  before  and  after  smearing 
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Table  29  -  Peak  Radiance  Comparison 


Filter 

CHARM  1.3  @  5-m 
Resolution  Peak  Radiance 
(pW/sr-cm2) 

CHARM  1.3  Convolved 
Peak  Radiance 
(pW/sr-cm2) 

UVPl  Measured  Peak 
Radiance 
(tiW/sr-cm2) 

PC-1 

4.48 

6.82  X  10-1  5.47  x  lO-l  1 

Table  30  -  Comparison  of  Measured  to  Predicted  Plume  Length 


Plume  Length  (m) 

Peak  to  50%  and  Peak  to  10% 

Filter 

CHARM  1.3 
@  5-m  Resolution 

CHARM  1.3 
Using  UVPl’s 
PSF 

UVPI 

Measured 

50% 

10% 

50% 

10% 

50% 

10% 

PC-1 

25 

50 

50 

80 

40.4 

86.5 

6.0  TEMPORAL  FEATURES 

This  section  presents  calibrated  photoevents  per  image  and  radiant  intensity  values  for  the 
Nihka  data  interval.  The  calibration  piocedurc  used  is  described  in  Section  3.  The  conversion  to 
radiant  intensity  is  performed  by  using  a  reference  emission  spectrum  for  incandescent  alumina 
particles  that  is  typical  of  the  emission  spectrum  produced  by  solid-fuel  rocket  motors  containing 
ammonium  perchlorate/aluminum.  The  latter  is  similar  to  the  model  used  in  the  CHARM  1.2  code 
and  its  later  versions  CHARM  1.3  and  1.4.  Section  6.1  presents  the  plume-camera  observations  and 
6.2  presents  the  tracker  camera  observations. 

6.1  Plume  Camera  Intensity  Plots 


This  section  presents  the  number  of  photoevents  observed  in  the  plume  camera,  both  central 
region  and  total,  for  each  image  during  the  data  interval. 

The  separation  of  plume  central  region  from  total  FOV  is  described  in  Section  5.1.  During 
the  telemetry  frame  range  depicted  in  each  plot,  the  plume-to-tracker  image  ratio  was  8:2. 
Consequently,  the  plots  show  repeated  groups  consisting  of  eight  consecutive  plume  camera  images 
followed  by  a  gap  where  the  two  tracker  camera  images  occurred. 

In  addition  to  the  intensities,  the  figures  include:  the  estimated  local  mean,  which  is  a  running 
average  of  the  iniensity;  and  a  threshold  of  3.1  standard  deviations  above  the  local  mean,  which  flags 
intensity  values  that  are  highly  unlikely  (probability  less  than  0.(X)1)  based  on  local  statistics.  The 
local  statistics  are  computed  by  using  a  running  window  of  15  frames  for  plume  camera  data.  Section 
4.6  gives  a  more  complete  discussion  of  the  computations  of  local  statistics. 

Figures  54  and  55  convey  information  useful  for  indexing  those  frames  or  times  at  which  a 
significant  statistical  deviation  in  the  intensity  is  observed,  based  on  the  local  statistics,  and  for 
showing  the  intensity  variation  over  both  the  plume  central  region  and  the  total  plume. 

Figure  54  shows  two  instances  in  which  the  measured  number  of  photoevents  exceeds  the 
local  mean  by  more  than  3.1  standard  deviations.  The  probability  of  such  an  event  is  less  than  0.(X)l. 
Therefore,  all  instances  in  which  the  measured  number  of  photoevents  exceeded  the  threshold  were 
investigated  in  great  detail.  No  significant  difference  was  observed  in  the  composite  images  after 
disregarding  the  images  where  the  measured  number  of  photoevents  exceeded  the  threshold.  As  can 
be  seen  from  Figs.  54  and  55,  the  number  of  phoioevents  for  the  total  plume-camera  field  of  view 
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increases  with  time  whereas  the  number  of  photoevents  for  the  central  region  is  fairly  constant.  This 
was  seen  in  the  plots  of  spectral  radiant  intensity  depicted  in  Figs.  31  and  32. 


Telemetry  Frame  Number 

Fig.  54  -  Nihka.  plume  camera,  total  field-of-view 
intensity 


11600  11654  11708  11762  11816 


Telemetry  Frame  Number 
Fig.  55  -  Nihka.  plume  camera,  central  region  intensity 


Table  31  summarizes  the  average  radiant  intensity  (ARl)  and  average  spectral  radiant 
intensity  (ASRI)  for  the  plume-camera  observation.  The  average  radiant  intensity  reported  is  based 
on  the  reference  spectral  energy  distribution  assumption.  It  represents  the  average  of  all  images  in  the 
interval. 


Table  31  -  Summary  of  Plume  Camera  Average  Radiant  Intensity 


Measured  ARI* 

Measured  ASRI**  | 

Central  Region  ARI 
(W/sr) 

Total  ARI 
(W/sr) 

Centroid 

Wavelength 

(nm) 

Total  ASRI 
(W/sr-pm) 

220  320 

12.3 

34.6 

280 

231.0 

*  Average  Radiant  Intensity 
**  .Average  Spectral  Radiant  Intensity 


When  operating  in  the  zoom  image  transmission  rate,  each  telemetry  frame  contains  one 

image. 

6.2  Tracker  Camera  Intensity  Plots 

Figure  56  presents  total  photoevents  per  image  for  the  19  by  19  pixel  section  of  the  tracker 
camera,  corresponding  approximately  to  the  total  field  of  view  of  the  plume  camera.  This  field  of 
view  contains  plume  central  region  and  a  portion  of  the  outer  region.  Figure  56  is  primarily  intended 
to  show  image-to-image  variations  in  the  number  of  photoevents  per  image  after  redleak  correction. 
To  provide  an  estimate  of  the  average  radiant  intensity,  values  based  on  reference  spectral  energy 
distribution  assumptions  are  reported  in  Table  32  for  the  tracker-camera  observation.  These  results 
have  been  reduced  by  16.3%  to  account  for  red  leakage  in  the  tracker-camera  filter.  As  can  be  seen 
in  Fig.  56,  a  slight  ramp  up  in  photoevents  occurs  during  tiic  bum.  However,  this  i.s  not  as  strong  a.s  is 
seen  in  the  total  plume  camera  field  of  view  in  Fig.  54. 

In  addition  to  the  intensities,  the  figure  includes:  the  estimated  local  mean,  which  is  a  running 
average  of  the  intensity;  and  a  threshold  of  3.1  standard  deviations  above  the  local  mean,  w'hich  flags 
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intensity  values  that  are  highly  unlikely  (probability  less  than  0.001)  based  on  the  local  statistics.  The 
local  statistics  are  computed  by  using  a  running  window  of  15  frames  for  tracker  camera  data. 
Section  4.6  provides  a  more  complete  discussion  of  the  computations  of  local  statistics. 


Telemetry  Frame  Number 


Fig.  56  -  Nihka.  tracker  camera 


Table  32  -  Summary  of  Tracker  Camera  Average  Radiant  Intensity 


Filter 

Band 

ASRl**  in  19  x  19  Pixel 

(nm) 

Region 

Region  @  390  nm 

C'V/si) 

(W/sr-pm) 

PC-1 

255  -  450 

1.72  X  102 

1.37  X  103 

•  Average  Radiant  Intensity 
••  Average  Spectral  Radiant  Intensity 


7.0  SPECTRAL  ANALYSIS  OF  PLUMES 

This  section  presents  the  spectral  analysis  of  the  emission  from  the  Nihka  stage  plume.  As 
.summarized  in  Table  15,  the  UVPI  plume  and  tracker  cameras  observed  the  Nihka  stage  at  a  range  of 
approximately  451  km.  The  figures  and  tables  in  this  section  show:  the  computed  spectral  radiant 
intensity  in  W/sr-pm  of  the  plume  central  region,  and  the  spectral  radiant  intensity  measured  over  the 
entire  plume  camera  freld  of  view. 

7.1  Observed  Spectral  Radiant  Intensities 

The  conversion  of  the  plume  and  tracker  camera  data  to  radiometric  values  requires  the 
assumption  of  a  source  spectrum,  as  described  in  Section  3.5.  The  reference  spectral  shape  has  been 
used  in  the  analysis  of  the  camera  data  presented  in  this  section.  The  wavelength  for  which  the 
spectral  radiant  intensity  is  reported  is  the  centroid  wavelength  when  the  assumed  source  spectrum  is 
convolved  with  the  UVPI  net  quantum  efficiency  function,  as  described  in  Section  3.6. 

In  selecting  the  reference  spectrum  scaling  factor,  an  effort  was  made  to  find  a  good  arbitrary 
fit  to  the  PC-1  and  tracker-camera  data  points. 

The  plume-camera  observation  of  the  Nihka  was  made  between  185.0  and  191  9  s  after 
liftoff.  The  range  from  UVPI  to  the  rocket  was  approximately  450  km  during  this  time  period.  The 
spectral  radiant  intensity  of  the  plume  central  region,  as  measured  by  UVPI  using  the  PC-1  spectral 
filter  and  the  tracker  camera,  is  listed  in  Table  33. 
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Table  33  -  Measured  Spectral  Radiant  Intensity 


Filter 

280 

PC-1 

82.1 

231.0 

390 

Tracker 

- 

1370 

The  spectral  radiant  intensity  for  the  Nihka  stage,  measured  by  UVPI  over  the  entire  plume 
camera  field  of  view,  is  shown  in  Fig.  57.  Note  that  the  tracker-camera  pixels  analyzed  in  this  section 
corresponded  to  the  full  field  of  view  of  the  plume  camera.  Figure  57  also  shows  a  scaled  reference 
,';pectral  shape  and  blackbody  spectrum.  The  data  are  also  listed  in  Table  33.  The  scaling  of  the 
reference  spectrum,  relative  to  the  plume  and  tracker  camera  measurements,  is  arbitrary  and  is 
intended  to  give  a  measure  of  relative  spectral  radiant  intensities  compared  to  that  predicted  by  the 
reference  spectrum. 


Fig.  57  -  Measured  spectral  radiant  intensity  for  the  Nihka,  plume  camera  field  of  view 

7.2  Discussion 

The  reference  model  hypothesizes  that  the  principal  source  of  UV  radiation  is  thermal 
emission  from  alumina  particles  at  the  fusion  temperature  of  alumina,  2320  K.  The  spectral  shape 
departs  from  that  of  a  blackbody  because  of  the  decreasing  effective  emissivity  of  the  particles  with 
increasing  wavelength.  The  plume  camera  data  in  the  far  UV  are  significantly  higher  than  would  be 
expected  based  on  a  reference  spectrum  scaled  to  match  the  tracker-camera  signal.  No  obvious 
modification  to  the  reference  spectrum  will  yield  the  far  UV  excess  evident  in  the  UVPI  data.  A 
plausible  hypothesis  is  that  an  additional  emission  mechanism  is  producing  the  excess  UV  emission. 
Spectral  line  emission  by  exhaust  gases  and  by  the  mesospheric  atmosphere  disturbed  by  the  rocket, 
e.g.,  CO  cameron  and  NO  gamma  bands,  are  possible  sources.  The  possibility  of  a  far-UV  excess 
caused  by  luminous  gases  was  discussed  briefly  in  the  Orbus  preflight  document  [7]. 


8  0  ANOMALOUS  EVENTS 
8.1  Possible  Earlier  Explosion 

At  about  152  s  after  the  launch  of  the  Black  Brant  X  and  about  24  s  before  the  Nihka 
igiiition,  the  UVPI  tracker  camera  recorded  a  large  flash  in  the  lower  re.ntrnl  portion  of  the  field  of 
view.  From  the  intensity  contours  and  circular  symmetry  of  this  image,  it  appears  that  the  central 
portion  of  diis  flash  may  not  be  contained  in  the  tracker  camera’s  field  of  view,  but  is  below  the  field 
of  view.  The  plume-to-tracker  camera  frame  interleaving  ratio  was  2;8  during  this  portion  of  the 
observation  and  the  previous  frame  was  a  plume-camera  frame  that  shows  no  unusual  activity.  The 
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following  seven  frames  are  tracker-camera  frames  with  the  first  two  of  the  seven  showing  no  unusual 
activity.  The  third  of  the  seven  shows  an  image  in  the  form  of  a  short  streak  aligned  with  the  central 
region  of  the  previous  flash.  The  next  fiame  shows  what  appears  to  be  the  beginning  of  a  similar 
streak  at  the  upper  edge  of  the  field  of  view  and  extending  outside  the  field  of  view.  Figure  58  is  a 
composite  of  the  three  frames  showing  the  flash  and  the  two  streaks. 

The  MCP  was  on  for  the  entire  duration  of  the  image  integration,  which  was  '/30th  of  a 
second.  The  length  of  the  streak  is  measured  to  be  2  +0.3  microradians,  and  the  distance  from  the 
beginning  of  the  first  streak  to  the  beginning  of  the  second  streak  is  1 1  +0.3  microradians.  The  time 
between  two  frames  is  0.2  s.  Assuming  that  the  streaks  are  both  caused  by  a  luminous  object  moving 
with  respect  to  the  field  of  view,  the  length  of  the  streak  and  the  distance  between  the  two  streaks  are 
both  consistent  with  a  speed  of  about  55  microradians/s  Using  this  velocity  and  measuring  the 
direction  in  a  straight  line  connecting  the  end  points  of  the  two  streaks  places  the  object  within  the 
flash  seen  two  frames  earlier. 

8.2  Nihka  Burnout  Anomaly 

Near  the  end  of  the  Nihka  bum  a  bright  object  appeared  on  one  plume-camera  frame,  11810. 
Figure  59  is  a  composite  of  frame  11810  and  several  previous  frames  shov.'ing  the  Nihka  plume  and 
the  bright  object.  This  object  is  brighter  than  and  quite  distant  from  the  rocket  plume.  The 
immediately  previous  and  subsequent  frames  were  both  from  the  plume  camera,  and  neither  frame, 
nor  any  other,  showed  a  similar  object.  The  tracker  electronics  had  solid  lock  throughout  the  Nihka 
bum  until  the  time  of  burnout,  about  six  frames  later. 

The  assumption  that  this  object  is  incandescent  material  ejected  from  the  rocket  nozzle  cannot 
be  convincingly  supported  from  the  observed  data.  The  time  between  successive  frames  is  >/30th 
second,  the  lange  from  the  UVPI  to  the  Nihka  at  burnout  is  about  448  km,  and  the  aspect  angle  is 
about  56®.  The  distance  from  the  center  of  the  rocket  plume  to  the  center  of  the  bright  object  is  about 
576  microradians  as  measured  in  the  plume  camera  image.  From  this,  the  speed  of  the  material  can 
be  estimated  as: 


V=  448  km*576  p.rad(sin(56®)*'/30  s) 

and  is  9.3  km/s.  Since  the  integration  time  of  a  plume  camera  image  is  ’/30th  second,  the  length  of  the 
bright  object  in  this  image  because  of  its  speed  would  be  more  than  500  prad,  but  the  measured 
length  is  only  about  100  prad.  This  could  be  explained  only  if  the  time  of  burning  of  the 
incandescent  material  is  about  (’/30th  s)*(’/5)=’/i 50th  s.  The  orientation  of  the  longitudinal  axis  of 
the  rocket  plume  as  measured  in  the  UVPI  plume  camera  is  -44°  from  the  horizontal  of  the  camera 
image.  The  bright  object  is  about  -33°  from  the  horizontal,  which  is  not  in  line  with  the  observed 
thrust  direction  of  the  Nihka  plume. 

Since  this  object  was  quite  bright  and  appeared  quite  distant  from  the  rocket  plume,  tracker 
electronics  data  related  to  the  target  size  and  centroid  error  were  examined  to  determine  if  it  would 
correlate  with  such  an  object.  Figures  60  and  61  show  plots  of  target  size  and  centroid  error  during 
the  time  of  stable  Nihka  tracking.  The  target  size  .shows  an  increase  predominantly  in  the  .v  direction 
and  the  centroid  error  is  growing  in  the  .x  direction  at  the  same  time.  Although  both  curves  show 
some  increase  beginning  about  2  s  before  Nihka  burnout,  neither  shows  any  unusual  behavior  during 
the  last  few  frames  of  valid  tracking  when  the  bright  object  appears  in  the  plume  camera. 
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Fig.  59  -  Composite  plume  camera  image  showing  anomalous  bright  object  and  Nihka  plume 


LACE/UVPl:  Nihka 
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9.0  SUMMARY  AND  CONCLUSIONS 
9.1  Summary 

The  goal  of  the  Nihka  mission  was  the  acquisition  from  space  of  radiometric  UV  plume  data 
by  using  the  UVPI  onboard  the  LACE  satellite.  The  UVPI  plume  camera  is  an  imaging  radiometer 
with  four  filters,  centered  at  250,  270,  280,  and  305  nm.  This  instrument  was  designed  to  obtain 
radiometric  data  in  a  spectral  region  that  is  especially  favorable  for  missile  detection  because  of  the 
very  low  solar  background.  Operation  from  space  is  necessary  because  the  atmosphere  is  practically 
opaque  to  wavelengths  below  300  nm.  From  500-km  range,  the  plume  camera  has  a  resolution  of 
approximately  45  m. 

The  Black  Brant  X,  a  three-stage  solid-propellant  missile  system,  was  obtained  for  this 
observation.  The  first  stage  (a  Terrier  motor)  and  the  second  stage  (a  Black  Brant  motor)  operated  at 
too  low  an  altitude  to  be  observed  from  pace.  The  mission  was  designed  for  the  observation  of  the 
third-stage  plume  produced  by  the  Nihka  rocket  motor.  The  rocket  trajectory  was  selected  to  permit 
observation  from  the  LACE  satellite  during  its  pass  near  the  Wallops  Island  launch  site. 

The  Black  Brant  X  was  launched  from  Wallops  Island,  Virginia,  before  sunrise  on  25  August 
1990.  The  Nihka  stage  was  successfully  tracked  by  the  UVP!  camera  from  an  average  range  of  451 
km.  The  Nihka  plume  was  tracked  for  3.23  s.  and  plume  data  were  acquired  with  one  plume  camera 
filter,  PC-1,  which  spans  the  220  to  320  nm  band. 

The  96  images  of  the  Nihka  plume  from  the  plume  camera  were  of  sufficient  quality  and 
tracking  accuracy  to  permit  the  superposition  of  images  for  increased  radiometric  accuracy. 

The  superposed  images  were  analyzed  to  obtain  the  spectral  radiance  (evaluating  the  plume  as 
a  spatially  resolved  source)  and  the  spectral  radiant  intensity  (summing  over  space  to  treat  the  plume 
as  a  point  source).  The  radiometric  analysis  requires  a  model  spectral  shape  for  which  a  reference 
spectrum  of  fusing  aluminum  particles  was  taken.  The  analysis  procedure  is  described  in  Section  3. 
The  spectral  values  were  also  integrated  over  the  nominal  filter  bandwidth  to  obtain  radiance  and 
radiant  intensity  values. 

Figure  38  is  a  false-color  map  of  the  spatial  distribution  of  the  time-averaged  radiant 
intensities  of  the  Nihka  plume  from  the  plume  camera.  A  contour  plot  of  the  plume  radiance  was  also 
generated  from  the  superposed  images  and  is  presented  in  Fig.  39. 

Figure  36  shows  the  plume  camera  image,  and  Fig.  37  shows  the  associated  contour  plot  of 
the  NRL  ground-based  UV  beacon,  which  well  represents  a  point  source  under  these  conditions.  This 
image  indicates  the  resolution  limit  of  the  instrument  at  500-km  range.  The  length  of  the  rocket 
plume  observed  during  this  mission  is  less  than  or  comparable  to  the  45-m  resolution  limit  (Table 
28),  and  the  consequent  smearing  of  the  source  over  an  increased  effective  area  reduces  the  observed 
peak  radiance  of  the  plume.  The  observed  radiance  is  denoted  "apparent"  to  distinguish  between  the 
observed  radiance  values  and  these  which  would  be  obtained  from  an  instrument  with  higher  spatial 
resolution.  An  adjustment  of  the  CHARM  predicted  peak  radiance  for  this  effect  yields  reasonable 
agreement  between  prediction  and  observation  (Table  29). 

Radiant  intensity  values,  obtained  by  summing  over  the  plume  central  region  and  over  the 
plume-camera  field  of  view,  are  not  affected  by  this  resolution  effect.  The  plume  central  region  was 
defined  for  these  compulations  as  the  region  in  which  the  radiance  exceeded  257c  of  the  peak 
apparent  value,  with  the  addition  of  '.he  area  defined  by  a  5  by  5  pixel  dilation  of  this  region.  The 
projected  area  of  the  centra!  region  so  defined  was  approximately  7500  m^  (Table  27),  The 
remainder  of  'he  plume-camera  image  is  denoted  the  outer  region. 
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The  ou»'*r  region  data  from  the  Nihka  showed  strong  far-UV  radiance  that  increased  in  time. 
Like  the  '''t  at  lowei  altitude  l2],  an  identifiable  shock  or  mixing  layer  structure  could  be 

found  ii  I  N  "  ter  region  data  and,  thus,  the  outer  region  radiance  can  be  causally  connected 
to  the  Nil..,-  i..  central  region  and  total  radiant  intensities  measured  by  the  plume  camera  are 

summarized  in  1  ■  .31.  The  temporal  behavior  of  the  plume  central  region  and  total  spectral  radiant 

intensity  .  aasu  the  plume  camera  are  shown  in  Figs.  31  and  32.  The  plume  camera  saw  a  total 
field  of  view  .  .aat  increased  strongly  m  time  whereas,  the  plume  central  region  signal  did  not 
change  very  much.  This  indicates  that  a  UV  luminous  outer  region  existed  around  the  plume  and 
grew  brighter  with  time. 

The  UVPI  tracker  camera  provides  wideband  (255  to  450  nm)  data  that  may  complement  the 
plume  camera  data.  The  wide  field  of  view  of  the  tracker  camera  clearly  prevents  resolution  of  the 
plume,  but  radiant  intensity  values  can  be  obtained.  A  19  by  19  pixel  region  of  the  tracker  camera 
image;;,  matching  the  total  field  of  view  of  the  plume  camera,  was  taken  for  computation  of  radiant 
intensities.  The  values  so  obtained  are  summarized  in  Table  32,  and  the  spectral  radiant  intensity  time 
dependence  is  illustrated  in  Fig.  33. 

The  tracker  camera  saw  only  a  weak  increase  over  time  for  the  total  plume  radiance.  This 
suggests  that  the  increasing  luminosity  seen  in  the  plume  camera  total  field  of  view  vvas  concentrated 
in  the  far  to  mid-UV  rather  than  being  a  broadband  spectrum  such  as  the  reference  spectrum.  If  the 
luminosity  at  longer  wavc;cngths  detected  by  the  tracker  camera  had  grown  by  the  same  degree  as  the 
luminosity  seen  by  the  plume  camera  at  shorter  wavelengths,  then  the  plume  and  tracker  camera 
spectral  radiant  intensity  p'  ',  shown  in  F  gs.  32  and  33  respectively,  would  have  shown  the  same 
percentage  increase.  Since  they  do  not,  it  appears  the  growing  luminosity  v.as  concentrated  in  the  mid 
and  far  UV. 

The  spectral  radiant  intensities  deduced  from  the  UVPl  observations  can  be  compared  to  the 
reference  model  of  plume  emission  by  comparing  the  predicted  ratio  of  PC-1  to  tracker-camera 
measured  emissions.  The  plume  spectral  radiant  intensities,  summed  over  the  plume  camera  field  of 
view,  are  roughly  consistent  with  the  reference  spectrum  prediction.  However,  the  220  to  320-nm 
values  are  higher,  relative  to  the  255  to  450-nm  values,  than  the  reference  spectrum  predicts  (Fig.  57). 
The  spectral  radiant  intensities  summed  over  the  plume  camera  field  of  view  appear  to  show  an 
ultraviolet  excess  that  grew  with  time.  The  data  supports  the  tentative  conclusion  that  the  decrease  in 
plume  spectral  radiant  intensity  a''  the  wavelength  decreases  below  300  nm  is  less  than  expected  on 
the  basis  of  tlie  reference  mode'.  This  is  similar  to  trends  seen  in  the  Strypi  plume  data  [2]. 

The  Nihka  vehicle  rose  to  higher  altitudes  than  other  vehicles.  Thi"  allowed  much  greater 
expansion  of  exhaust  ga.ses  into  the  plume  outer  region  and  also  caused  the  Nihka  to  encounter  areas 
w'hcre  atomic  oxygen  was  a  major  component  of  the  atmosphere.  Taken  with  the  Strypi  [2]  and 
Starbird  |191  data,  the  increasing  UV  luminosity  of  the  Nihka  plume  outer  region  suggests  that  high- 
altitude  rocket  plumes  may  owe  some  of  their  UV  luminosity  to  reactions  of  plume  constituents  with 
atomic  oxygen,  UV  ga.ses  in  the  plume  itself,  or  both. 

9.2  Achievement  of  Objectives 

The  results  of  the  UVPI  ob.servation  of  the  Nihka  missile  can  be  compared  to  the  objectives 
listed  in  Section  1 .3. 

9.2.1  General  Ohjeetives 

•  Ohtciin  isaradiance  contours  for  the  Nihka  stage.  Spatially  resolved  images  of  the  Nihka  stage 
plume  were  obtained  by  using  the  PC-1  plume-camera  filter.  These  images  were  scaled  to 
radiance  maps  and  contours,  as  illustrated  in  Sections  4  and  5. 

*■  Obtain  ladiar.t  intensity'  ryieo.sitrements  hosed  on  the  entire  field  of  view  of  the  plume  camera 
and  on  a  subregion  corresponding  approximately  to  a  plume  core.  Radiant  intensity 
measurements  for  the  plume  camera  FOV  and  for  a  plume  central  region  defined  in  Section 
5.1  were  extracted  from  the  images.  These  results  are  presented  in  Section  6. 

•  Compare  radiometric  measurements  for  the  .Nihka-stage  plume  with  those  generated  by  the 
CHARM  (finiputer  codes.  The  preliminary  comparison  undertaken  here  suggests  that  the 
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UVPI  Nihka  data  presents  a  spectra!  shape  somewhat  different  from  that  of  the  reference 
spectrum.  The  experimental  results  indicate  that  the  emission  at  wavelengths  in  the  220-320- 
nm  range  are  greater,  relative  to  the  emission  at  longer  wavelengths  seen  with  the  tracker 
camera,  than  is  predicted  by  the  reference  model.  These  results  are  described  in  Section  7. 
The  detailed  comparison  of  reference  predictions  to  the  UVPI  observations  is  a  task  for  the 
modelers. 

•  Provide  radiometric  measurements  for  nonplume,  transient  phe'iomena,  if  any.  Transients 
were  seen  in  the  Nihka  data  but  were  too  short-lived  or  loosely  correlated  to  the  plume  itself 
to  allow  measurement. 

9.2.2  Spatial  Features 

•  Obtain  the  length  of  the  Nihka  plume  central  regions.  The  resolution  limit  of  the  PSF- 
corrected  UVPI  corresponds,  at  this  range,  to  about  40  m,  which  is  comparable  to  the 
expected  plume  length.  Thus,  an  accurate  measurement  of  the  plume  length  was  not  possible, 
but  (as  described  in  Section  5.3)  the  observations  are  consistent  with  the  predicted  plume 
length. 

•  Determine  the  shape  of  the  shock  boundary/mixing  layer  for  different  rocket  velocities.  The 
profile  of  the  radiance  of  the  outer  region  appears  consistent  with  a  shock  or  mixing  layer 
structure  in  the  radiance  and  suggests  that,  as  in  the  Strypi  tests,  a  UV  luminous  outer  region 
formed  during  the  Nihka  bum. 

•  Identify  asymmetries  in  plume  shape  and  investigate  possible  causes.  No  'lume  shape 
asymmetries  were  observed.  The  resolution  limit  of  the  UVPI  .at  this  range  is  such  that  only 
large  asymmetries  could  have  been  detected. 

9.2.3  Temporal  Features 

•  Identify  temporal  trends  in  radiometres  and  investigate  possible  dependence  on  rocket 
velocity  and  altitude.  The  time  behavior  of  the  radiant  intensity  of  the  Nihka  plume  is 
described  in  Section  6.  Radiance  in  the  PC-1  band  was  observed  to  rise  in  the  outer  region  as 
rocket  altitude  and  velocity  were  increasing. 

•  Investigate  radiometric  fluctuations  to  determine  whether  short-term  variations  in  brightness 
arc  observed.  The  statistics  of  the  variations  in  plume  radiant  intensity  are  described  in 
Section  6.  Two  peaks  beyond  the  range  of  statistical  likelihood  were  observed  The  data  were 
carefully  analyzed,  and  no  reason  was  found  to  reject  them. 

•  Identify  changes  with  time  in  the  shape  of  the  p’ume's  outer  region.  The  radiance  profile 
remained  fairly  consistent  during  the  Nihka  bum. 

•  Identify  persistence  and  cumulative  effects,  if  any.  in  plumes  or  nonplume  phenomena.  No 
clouds  or  trails  were  obsei rd  in  the  Nihka  test. 

9.2.4  Spectral  Features 

•  Compare  the  shape  of  the  plume  central  region's  emission  spectrum  within  a  filter  bandpass 
with  the  reference  spectral  shape  normalized  to  the  tracker  camera's  measured  emission 
values.  As  described  in  Section  7,  the  UVPI  data  indicate  that  the  decrease  in  spectral  radiance 
and  radiant  intensity  in  the  220  to  320-nm  band,  relative  to  the  tracker  measured  emission  in 
the  255  to  450-nm  band,  is  less  than  indicated  by  the  reference  model.  This  is  similar  to  data 
from  the  Strypi  and  Starbird  tests.  A  comparison  of  the  UVPI  data  with  data  acquired  by 
other  sensors  is  currently  in  progress. 

•  Relate  tracker-camera  measurement  to  visible  and  infrared  measurements  made  by  other 
sensors.  The  UVPI  acquired  plume  radiomeU’c  data  to  450-nm  wavelength.  These  radiant 
intensity  values  can  be  compared  to  data  at  longer  wavelengths  from  other  sensors  as  tho.se 
data  become  available. 

•  Characteri.  ■'  the  emission  spectrum  for  the  plume's  outer  regions,  if  an\.  A  UV  luminous 
outer  Fv^gion  was  found  in  the  Mihka  test  data,  as  in  the  Strypi  test  .As  for  the  .Strypi.  the  outer 
region  seemed  to  be  luminous  in  the  far  UV  rather  than  the  nea*-  UV,  or  visible  as  .seen  by  the 
tracker  camera. 

It  i.s  clear  from  ,  above  that  most  of  the  objectives  were  achieved.  However,  the  instrumental 
limitations  in  resolution,  as  well  as  the  uncertainty  in  the  reference  spectral  shape,  complicate  the 
extraction  of  precise  values. 
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9.3  Conclusions 

The  UVPI  observation  of  the  Nihka  plume  was  the  first  demonstration  of  the  capability  of  the 
instniment  for  tracking  and  imaging  missiles  in  flight  from  450-km  range.  The  bright  plume  of  the 
Nthka  stage  was  successfully  tracked  throughout  its  burn. 

The  Nihka  stage  was  acquired  for  a  total  of  96  plume-camera  images  by  using  one  UVPI 
filter.  The  spectral  radiance  and  spectral  radiant  intensities  were  extracted  from  these  images. 
Absolute  values  are  necessarily  obtained  on  the  basis  of  an  assumed  spectral  shape,  namely,  the 
reference  spectrum,  which  is  the  spectrum  of  micron-sized  alumina  particles  near  their  melting  point 
of  2320  K.  The  results  indicate  that  the  reference  shape  is  not  inaccurate,  but  the  new  data  suggest  a 
stronger  component  in  the  far  UV,  X  <  320  nm,  than  the  model  predicts  This  was  especially  true  for 
the  total  plume  radiance,  which  indicates  a  UV  luminous  outer  vegion.  This  result  is  similar  to  that 
obtained  in  the  Strypi  test. 

Like  the  Strypi  test,  the  images  reveal  a  radiant  plume  with  an  identifiable  outer  region  of  UV 
radiance  such  as  might  be  associated  with  a  shock  or  mixing  layer  produced  by  the  plume.  The 
measured  outer  region  radiance  is  strong  in  the  far-UV  and  weaker  in  the  near-UV  and  visible. 

The  time-dependence  of  the  Nihka  plume  central  region  radiant  intensity  showed  no 
pronounced  trends  or  variations.  The  outer  region,  however,  showed  an  upward  ramp  in  time  from 
ignition.  This  could  correlate  with  either  increasing  rocket  velocity  or  altitude  or  both. 

The  tracker  camera  obtained  radiant  intensity  data  in  the  255  to  450-nm  wavelength  range. 
These  data,  taken  with  the  plume  camera  data  in  the  220  to  320-nm  range,  support  the  conclusion 
that  the  central  region  spectrum  is  quite  close  to  the  reference  model.  A  UV  enhancement  over  the 
reference  spectrum  was  seen  in  the  total  plume-camera  field  of  view.  This  indicated  a  L^V  luminous 
outer  region  corresponding  to  a  shock  or  mixing  layer  associated  with  the  Nihka  plume.  A  similar 
enhancement  was  seen  in  the  Strypi  data  and  was  also  associated  with  the  outer  region.  It  has  been 
suggested  that  the  Nihka’s  higher  altitude  allows  great  expansion  of  gaseous  plume  products  into  the 
far  field  where  they  can  radiate  in  the  far-UV,  or  they  can  react  with  atomic  oxygen  at  high  altitudes 
and  produce  the  excess  UV  emissions. 

This  base  of  UV  radiometric  data  is  the  foundation  for  further  analysis  to  provide  refined 
interpretations  and  evaluation.  Comparison  with  models,  with  data  from  .sensors  on  other  platforms, 
and  UVPI  data  from  other  tests  will  also  yield  improved  radiometric  results  and  an  enhanced 
phenomenological  understanding  of  UV  emission  by  solid  rocket  motors  in  the  upper  atmosphere. 
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Appendix  A 

NIHKA  TRAJECTORY  PARAMETERS 


The  following  tables  present  various  Nihka  trajectory  dated  parameters  as  a  function  of 
time.  The  first  column  in  each  table  is  TALO,  time  after  lift-i  in  seconds.  Table  A1  shows  the 
rocket's  position  in  Earth  center-fixed  (ECF)  coordinates  and  the  rocket's  speed.  Table  A2  shows  the 
aspect  angle  and  the  distance  between  the  satellite  and  the  rocket.  The  aspect  angle  is  defined  as  the 
angle  between  the  line-of-sight  (LOS)  vector  from  the  satellite  to  ih  *arget  point  and  the  longitudinal 
axis  of  the  rocket.  Table  A3  shows  the  rocket's  altitude,  geodetic  la;;i,  Je.  and  longitude. 


Table  At  -  Rocket  Position  and  Speed  in  ECF  Coordinate*^^ 


TALO 

(s) 

XPOS 

(km) 

YPOS 

(km) 

ZPOS 

(km) 

SPbLD 

(km/s) 

120.0 

1358.162 

-4963.924 

3956.000 

1.246 

121.0 

1359.095 

-4964.609 

3956.463 

1.239 

122.0 

1360.019 

-4965.264 

0.988 

123.0 

1360.872 

-4965.654 

3957.277 

0.916 

124.0 

1361.700 

1,121 

125.0 

1362.590 

-4966.483 

3957.956 

1.202 

126.0 

1363.507 

-4967.107 

3958.419 

0.983 

127.0 

1364.363 

-4967.509 

3958.687 

0.915 

128.0 

-4967.815 

3958.921 

1.120 

129.0 

1366.084 

-4968.342 

3959.347 

1.197 

130.0 

1366.996 

-4968.944 

3959,837 

0,976 

131.0 

1367.845 

-4969.316 

3960.145 

0.918 

132.0 

1368.679 

-4969.633 

3960,361 

1 . 1 26 

133.0 

1369.578 

•4970.187 

3960.752 

0.957 

134.0 

-4970.543 

3961.026 

0.907 

135.0 

1371.249 

4970.833 

3961,262 

0.892 

136.0 

1372.070 

-4971.100 

3961.484 

137.0 

1372.889 

■4971.360 

3961.703 

1.113 

138.0 

1373.783 

-4971.895 

3962,094 

0.959 

139.0 

1374.633 

-4972.266 

3962.338 

0.932 

140.0 

1375.491 

-4972.552 

3962.564 

1.124 

141.0 

1376.393 

-4973.077. 

3962  987 

0.957 

142.0 

1377.239 

-4973.416 

3963,272 

0.908 

143.0 

1378.067 

3963.51  1 

0.874 

144.0 

1378.866 

-4973.997 

0.887 

145.0 

-4974.288 

3963.884 

0,885 

146.0 

1380  503 

-4974.555 

3964  087 

0.885 

147.0 

1381.322 

-4974.814 

3964.299 

0.885 

148.0 

1382  141 

-4975.070 

149.0 

1382.966 

-4975.348 

3964.700 

0.893 

150.0 

1383.794 

-4975.633 

3964  876 

0,887 

151.0 

1384.616 

3965.078 

0.886 

152.0 

1385.436 

-4976.155 

3965.290 

0.885 

1  53.0 

1386.256 

.407ft  41  1 

39fi5  504 

0.891 

154.0 

1387.082 

-4976.688 

0.893 

155.0 

1387.910 

-4976.972 

3965.866 

0.888 

156.0 

1388.733 

-4977.236 

3966.068 

0,886 

157  0 

1389.554 

-4977.494 

3966.279 

0.885 

158,0 

1390  374 

-4977.749 

3966.494 

0,885 
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Table  Al  -  Rocket  Position  and  Speed  in  ECF  Coordinates  (Cont'd) 


TALO 

(s) 


XPOS 

(km) 


YPOS 

(km) 


ZPOS 

(km) 


SPEED 

(km/s) 


1391.195 


1391.992 


1392.740 


1393.537 


1394.320 


1395.164 


1396.027 


1396.791 


1397.564 


1398.340 


1399.873 


1400.693 


1401.443 


1402.240 


1403.031 


1403.777 


1404.632 


1406.536 


1407.446 


1408.535 


1409.859 


1411.209 


1412.697 


1414.262 


1415.945 


1417.726 


1419.598 


1421.587 


1423.747 


1426  057 


1428  432 


1433.584 


1436.259 


1438.954 


1441.626 


1444.292 


1446.957 


1449.621 


1452.213 


1454.854 


1457.478 


1460.060 


1462.707 


1465.337 


1470.662 


\WBtmwmi 


1475.906 


1478.543 


1481 .101 


1483.588 


-4978.002 


-4978.287 


-4978.318 


-4978.498 


-4978.997 


-4979.267 


-4979.271 


-4979  449 


-4979.685 


-4979.678 


-4979.866 


-4980.120 


-4980.118 


-4980.286 


-4980.540 


-4980.561 


-4980.719 


-4980.938 


-4981  167 


-4981.425 


-4981.635 


-4981.780 


-4981.941 


•4982.346 


•4982.822 


-4983.320 


-4983.808 


-4984.276 


-4984.712 


-4986.108 


-4986.586 


-4987.239 


-4987.940 


-4988.648 


-4990.074 


-4990.793 


-4991.512 


-4992.230 


-4992.692 


-4993.323 


-4993.996 


-4994.561 


-4995.245 


-4995.835 


-4996.504 


-4997.199 


-4997.647 


•4998.266 


-4998.950 


4999.401 


-4999.512 


3966.709 


3966.895 


3966.867 


3967.001 


3967.190 


3967.367 


3967.540 


3967.680 


3967.872 


3967.876 


3968.143 


3968.134 


3968.274 


3968.435 


3968.398 


3968.530 


3968.688 


3968.854 


3969.023 


3969.193 


3969.363 


3969.504 


3970.236 


3970.626 


3971.013 


3971.399 


3972.374 


3973.001 


3973.437 


3973.982 


3974.564 


3975.158 


3975.756 


3976.355 


3976.954 


3977  553 


3978.152 


3978  548 


3979.079 


3979.685 


3979  932 


3980.383 


3981 .083 


3982.324 


3983.254 


3983.829 


3984  216 


74 


H.W.  Smathers  el  al. 


I 

I 


Table  A2  -  Rocket  Aspect  Angle  and  Range  from  Satellite  (Contd) 
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Table  A3  ■  Rocket  Altitude,  Geodetic  Latitude  and  Longitude 


TALO 

(s) 

Altitude 

(km) 

Longitude 

(deg) 

Latitude 

(deg) 

120.0 

120.987 

285.302 

37.732 

121.0 

121.987 

285.310 

37.730 

122.0 

122.987 

285.318 

37.729 

123.654 

285.326 

37.728 

124,0 

124.209 

285.334 

37.727 

125.0 

285.342 

37.726 

126.0 

126.012 

285.350 

37.725 

127.0 

126.662 

285.358 

37.723 

128.0 

127.212 

285.366 

37.722 

129.0 

128.062 

285.374 

37.721 

130.0 

129.012 

285.382 

37.720 

131.0 

129.662 

285.390 

37.719 

132.0 

130.211 

285.398 

37.718 

153.0 

131.061 

285.406 

37.716 

134.0 

131.678 

285.414 

37.715 

135.0 

132.217 

285.422 

37.714 

136.0 

132.730 

285.430 

37.713 

137,0 

133.235 

285.438 

37.712 

138.0 

134.069 

285.446 

37.71 1 

134.681 

285.454 

37.709 

140.0 

135.218 

285.462 

37.708 

141.0 

136.064 

285  470 

37  707 

142.0 

136.679 

285.479 

37,706 

143.0 

137.218 

285.487 

37.705 

144.0 

137.730 

285.494 

37.704 

145.0 

138.235 

285.502 

37.702 

146.0 

138.736 

285.510 

37.701 

147,0 

139.236 

285.518 

37,700 

148.0 

139.737 

285.526 

37,699 

149,0 

140.237 

285.534 

37.698 

150.0 

140.737 

285.542 

37.696 

151.0 

141,237 

285.550 

37.695 

152.0 

141.737 

285.558 

37.694 

153.0 

142.237 

285.566 

37.693 

154.0 

142.737 

285.574 

37.692 

155.0 

143.237 

285.582 

37,690 

156.0 

143.737 

285.590 

37,689 

157.0 

144.237 

285.598 

37.688 

158,0 

144.737 

285.606 

37.687 

159,0 

145.237 

285.614 

37.686 

160.0 

145.737 

285,622 

37.685 

161.0 

145.903 

285.630 

37,683 

162.0 

146.292 

285.638 

37.682 

163.0 

146,755 

285.645 

37.681 

164.0 

147.243 

285.653 

37.680 

165.0 

147.739 

285.662 

37.678 

166.0 

147.904 

285.670 

37.677 

167.0 

148,293 

285.678 

37.676 

168. U 

148.7.55 

285.685 

r  1  c 

1  .\J  1  J 

169.0 

148.910 

285.693 

37.674 

170,0 

149.294 

285.701 

37.673 

171.0 

149.756 

285.709 

31.61] 

172.0 

149.910 

285.717 

37.670 

173.0 

150.295 

285.725 

37.669 
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Appendix  B 

TELEMETRY  FRAMES  AND  CAMERA  PARAMETERS 


7:07;  15.37 


7:07:15.40 


•7:07:15.43 


7:07:15.47 


7:07:15.50 


7:07:15.53 


7:07:15.57 


7:07:15.60 


eeoebi 


7:07;  15.67 


7:07:15.70 


7:07:15.73 


7:07:15.77 


7:07:15.80 


mSBM 


7:07:15,90 


7:07:15.93 


7:07:15.97 


7:07:16.13 


7:07:16.17 


7:07:16.20 


7:07:16.23 


7:07:16.27 


7:07:16.30 


MiMQSBI 

EEaSB 


7:07:16.40 


7:07:16.43 


1:01:\6A1 


BBigiagg 


7:07:16.53 


7  0716  60 


muim 

kBikflfcliU 


7:07:19. 14 


7:07:19.17 


7:07:19.20 


11603T 


11604T 


1 1605P 


1 1 606P 


11607T 


1  1608T 


1 1609P 


11610P 


11611T 


1 1612T 


I1613P 


11614P 


11615T 


11616T 


11617P 


11618P 


11619T 


11620T 


1 1621P 


1  1622P 


11623T 


11624T 


11625P 


1 1626P 


1 1628T 


1 I629P 


I :630P 


1 1631T 


11632T 


11633P 


11634P 


11635T 


11636T 


11637P 


11638P 


11639T 


11640T 


11715P 


11716? 


11717T 


11 7 1 8T 


1 1719P 
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Tracker 
Gain  Step 


Plume 
Gain  Step 


7:07:19.24 


7:07:19.27 


7:07:19.30 


7:07:19.34 


7:07:19.37 


7:07:19.40 


7:07  19  44 


1 1720P 


1 1721P 


7:07:19.47 

11727T 

7:07:19.50 

11728T 

7:07:19.54 


7:07:19.57 


7:07:19.60 


7:07:19.64 


7:07:19.84 


7:07:19.87 


7:07:19.90 


7:07:19.94 


7:07:19.97 


7:07:20.00 


BEBQED 


7:07:20.07 


7:07:20.10 


7:07:20,14 


7:07:20.17 


7:07:20,20 


7:07:20.24 


7:07:20.27 


7:07:20,30 


0.34 


7:07:20,37 


7:07:20.40 


7:07:20.44 


IfgiHWilEM 


7:07:20.50 


7:07:20.54 


7:07:20.57 


7:07:20.60 


7:07:20  64 


7:07:20.67 


7:07:20.70 


7:07:20.74 


7:07:20.77 


7:07:20.80 


7:07:20.84 


7:07:20.87 

1 1769P 

7:07:20.90 

1  1770P 

7:07:20.94 


7:07:20.97 


7:07:21  00 


1177  IP 


1 1772P 


11773P 
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Appendix  C 

CHARM  INPUT  FILE  FOR  NIHKA 


*  *  *  charm  run  identification  : 

*  path  name  to  library  &  *.dft  files 

*  header  line 


DUB0:[CHARM.REV13] 

charm  revl.3  NIHKA  (orig  charm.par) 

*  *  *  run  options  ; 

*  include  radiance  transport  calculations 

*  include  pixel  map  output: 

*  0=no,  l=radiance,  2=transmission,  3=both 

*  monte  carlo  cpu  time  limit 
110 


*  *  *  code  selection  : 

*  intrinsic  core  -  charm-ic 

*  continuum  shock  layer  -  charm-sl 

*  2d  transitional  farfield  -  tramp 

*  3d  transitional  farfield  -  chimera 

*  free-molecular  farfield  -  hapair 

*  missile  body 
1  00000 


*  *  *  hard-body  specifications  : 

*  number  of  hard-body  segments 

*  last  segment  spherical  cap?  0=no,  l=yes 

*  beginning  temperature  of  segment  i 

*  ending  temperature  of  segment  i 

*  emissivity  of  segment  i 

*  length  of  segment  i 

*  radius  of  segment  i 

*  half-angle  of  segment  i 


*  *  *  engine/nozzle  configuration  : 

*  engine  librziry  id  number 

*  number  of  nozzles 

*  throat  area 

*  area  ratio 

*  nozzle  lip  angle 

*  nozzle  divergence  angle 

*  nozzle  throat  radius  of  curvature 

*  nozzle  throat  to  exit  length 

0  1  0.00413  27.26  19.61  19.61  1.0  11.85 


*  *  *  one-dimensional  nozzle  gas  dynamics  : 

*  throat  gas  temperature 

*  throat  gas  pressure 

*  throat  gas  velocity 

*  throat  gas  specific  heat  ratio 

*  exit  gas  temperature 
exit  gas  pressure 

"  e:;it  gas  velocity 


(a70) 

(a80) 


(0  or  1) 

(0,1,2.  3) 
(seconds) 


(0. 1.  2) 
(0, 1,  2) 
(0, 1.  2) 
(0, 1.  2) 
(0. 1,  2) 
(0. 1,  2) 


(none) 

(none) 

(k) 

(k) 

(none) 

(meters) 

(meters) 

(degrees) 


(none) 

(none) 

(m**2) 

(none) 

(degrees) 

(degrees) 

(non-dimensional:rc/rt) 

(non-dimensional:ze/rt) 


(k) 

(atm) 

(m/s) 

(none) 

(k) 

(atm) 

(m/s) 


Best  Available  Copy 


Kl 
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3253.8  29.2  1045.9  1.1712  1734.5  0.207  2835.2 

*  *  *  one-dimensional  nozzle  chemistry  : 

*  specie  name 

*  specie  cone,  at  throat 

*  specie  cone,  at  area  ratio  =  2.0 

*  specie  cone,  at  exit 

H20  0.119696  0.123183  0.120896 
C02  0.012345  0.014207  0.017509 
CO  0.227552  0.228606  0.226241 
OH  0.005164  0.001736  0.000222 
HCL  0.133173  0.138700  0.142045 
HF  0.000000  0.000000  0.000000 
02  0.000093  0.000094  0.000094 
H2  0.288700  0.297685  0.304112 
N2  0.077808  0.078772  0.079078 
H  0.031052  0.016157  0.010187 

O  0.000336  0.000061  0.000006 

AL203  0.081829  0.082825  0.083146 

*  *  *  particulate  conditions  : 

*  #  particle  bins 

*  particle  radius  in  each  bin 

*  particle  concentration  in  each  bin 
5  1.0  2.0  3.0  4.0  5.0  .227  .36  .24  .113  .060 

*  *  *  trajectory  conditions  ; 

*  trajectory  id 

*  altitude 

*  velocity 

*  angle  of  attack 

*  more  trajectories 
1  155.0  1000.  0.0  0 

*  *  *  atmospheric  conditions  for  each  trajectory 

*  atmospheric  id  number 

*  ambient  temperature 

*  ambient  pressure 

*  ambient  density 

*  ambient  specie  concentrations 

*  for  n2,  o2,  o,  he,  h,  ar 


(none) 

(mole  fraction) 
(mole  fraction) 
(mole  fraction) 


(1  -  10) 
(microns) 
(mass  fraction) 


(1  -  99) 

(km) 

(m/sec) 

(degrees) 

(1  or  0) 

condition  : 

(>0  if  table  lookup) 
(k) 

(atm) 

(kg/m**3) 

(mole  fraction) 


*  *  *  sensor  configuration  for  each  trajectory 

*  bandpass  -  beginning 

*  bandpass  -  ending 

*  X  sun  position 

*  y  sun  position 

*  z  sun  position 

*  X  earth  position 

*  y  earth  position 

*  z  earth  position 

*  azimuth  angle 

*  elevation  angle 

*  image  rotation  angle  (clockwise) 

*  X  pixel  resolution 

*  y  pixel  resolution 

If  pixels  in  horizontal  direction 
'  if  pixels  in  vertical  direction 

!l  pixels  left  of  origin 
;  -  I-;  ix'l.'iv,'  origin 

,  ■  n  ■  1  jrm.'U  binary  or  ascii 
■  ■  'nb'-,  liiis  I'ajaetorv 


condition  : 


(microns) 

(microns) 

(none) 

(none) 

(none) 

(none) 

(none) 

(none) 

(degrees) 

(degrees) 

(degrees) 

(m) 

(m) 

(none) 

(none) 

(none) 

(none) 

(1  or  0) 

(1  or  0) 


3est  Ava 
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0.277  0.320  0  0  0  0  0  0  56.0  0  0  5.5.  100  100  10  50  0  1 

0.245  0.277  0  0  0  0  0  0  56.0  0  0  5.5.  100  100  10  50  0  1 

0.220  0.245  0  0  0  0  0  0  56.0  0  0  5.5,  100  100  10  50  0  0 


Glossary 

ABBREVIATIONS  AND  ACRONYMS 


AOS 

acquisition  of  signal 

ARI 

average  radiant  intensity 

ASRI 

average  spectral  radiant  intensity 

CCD 

charge-coupled  device 

CHARM 

Composite  High  Altitude  Radiation  Model 

DN 

digital  number 

FOV 

field  of  view 

FPA 

focal  plane  array 

FWHM 

full-width-half-maximum 

GMT 

Greenwich  Mean  Time 

HTPB 

hydroxyl  terminated  polybutadiene 

Hz 

Hertz 

K 

degrees  Kelvin 

LACE 

Low-power  Atmospheric  Compensation  Experiment 

LOS 

loss  of  signal;  line  of  sight 

Mbps 

megabits  per  second 

MCP 

microchannel  plate 

MHz 

megaHz 

NER 

noise-equivalent  radiance 

NQE 

net  quantum  efficiency 

NRL 

Naval  Research  Laboratory 

PC-N 

Plume  camera  filter,  /V  =  1,  2,  3,  4 

PE 

photoevent 

PSF 

point  spread  function 

RF 

radio  frequency 

RMS 

root  mean  square 

RSI 

Research  Support  Instruments 

SDIO 

Strategic  Defense  Initiative  Organization 

SR 

steradian 

TALO 

time  after  lift-off 

DMT 

UVPl  mission  time 

LV 

ultraviolet 

I'VPl 

Ultn'violcl  Plume  instrument 

VAF'B 

Vandenberg  Air  Force  Base 

W 

Watt 

h  I 


